Stream temperature impacts of culverts and impervious areas by Lemay, Gary
University of New Hampshire
University of New Hampshire Scholars' Repository
Master's Theses and Capstones Student Scholarship
Fall 2010
Stream temperature impacts of culverts and
impervious areas
Gary Lemay
University of New Hampshire, Durham
Follow this and additional works at: https://scholars.unh.edu/thesis
This Thesis is brought to you for free and open access by the Student Scholarship at University of New Hampshire Scholars' Repository. It has been
accepted for inclusion in Master's Theses and Capstones by an authorized administrator of University of New Hampshire Scholars' Repository. For
more information, please contact nicole.hentz@unh.edu.
Recommended Citation
Lemay, Gary, "Stream temperature impacts of culverts and impervious areas" (2010). Master's Theses and Capstones. 576.
https://scholars.unh.edu/thesis/576
NOTE TO USERS
This reproduction is the best copy available.
UMI

STREAM TEMPERATURE IMPACTS OF CULVERTS AND IMPERVIOUS AREAS
BY
Gary Lemay
Bachelor of Science in Civil Engineering, University of New Hampshire, 2008
THESIS
Submitted to the University ofNew Hampshire
in Partial Fulfillment of







INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,




Copyright 2010 by ProQuest LLC.
All rights reserved. This edition of the work is protected against
unauthorized copying under Title 1 7, United States Code.
ProQuest®
ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346
This thesis has been examined and approved.
Dr. Jennifer M. Jacobs
Associate Professor of Civil Engineering
University of New Hampshire
>r. Thomas P Ballestero
Associate Professor of Civil Engineering
University of New Hampshire
\y^âi/AxÀk^
Dr. Wilfred M. Wollheim
Research Assistant Professor, Institute for the Study of Earth, Oceans, and Space




I would like to thank many people, beginning with my thesis advisor Dr. Jennifer
Jacobs. She has been a great guide through my entire Masters' program, and helped me
truly appreciate the research process. Her knowledge, patience, and honesty is the reason
I have been able to finish this thesis. I would also like to thank my two other committee
members, Dr. Tom Ballestero and Dr. WiI Wollheim. Dr. Ballestero' s extensive field
knowledge, as well as his willingness to share his thoughts (and equipment) at any time
were a large part of keeping my research moving ahead. Thanks to Dr. Wollheim, whose
scientific and modeling background were crucial to my work.
Thanks to Dr. Fred Day-Lewis, who provided the FO DTS instrumentation, field
work during the cable installation, as well as valuable advice for the Hodgson Brook field
campaign. Thanks to Matt Carpenter and Ben Nugent for providing temperature data,
loaning temperature sensors, and helping me learning about NH fisheries.
Thanks to James Sherrard for the advice, hours of field work, and editing, who
behind Dr. Jacobs read more drafts of my thesis than any sane person would. Thanks to
Nick DiGennaro for many exciting days in the field, some more than others. Thanks to
Danna Truslow for helping me with field work, fiber optic setup, and many other things.
Thanks to all of those that have helped me at various points in my research, including
Heidi Borchers, Matt Lavigne, Logan Kenney, Iulia Barbu, Minha Choi, Ann Scholz, Bill
Meagher, Carrie Vuyovich, and Rusty Jones. Finally, thanks to my parents, Gary and
Val Lemay, for everything they have done for me over the years.
Table of Contents
Acknowledgements8 iü
List of Tables vi
List of Figures viri
Abstract xi
Chapter 1 -Introduction 1
1.1 -Background.. 1
1.1.1 - Stream Temperature and Thermal Regime 1
1 . 1 .2 - Natural Influences on Stream Temperature 2
1.1.3 -Urban Influences on Stream Temperature 4
1.1.4 -New Hampshire Urbanization 7
1.2 -Stream Temperature Modeling 9
1.2.1 - Stream Temperature Models.. 9
1 .2.2 - Deterministic Energy Budget 12
1.2.3 -Urban Stream Temperature Modeling 13
1.3 - Research Objectives and Hypotheses 13
Chapter 2 - Experimental Methods and Site Descriptions 15
2.1 - Point Monitoring 15
2.1.1 - Instrumentation 16
2.1.2 -Climate 18
2.1.3 - Study Site Summary 19
2.1.4 -Berry Brook 26
2.1.5 - Chesley Brook 27
2.1.6 -College Brook 28
2.1.7 - Gerrish Brook 29
2.1.8 - Great Brook 30
2.1.9 -Hodgson Brook 31
2.1.10 - Lee 5 Corners Brook 32
2.1.11 - Reservoir Brook 33
2.1.12 -Wednesday Hill Brook 34
2.2 - Hodgson Brook Intensive Field Campaign 35
2.2.1 - Instrumentation 35
2.2.2 - Site Description 40
2.2.3 - Auxiliary IFC Measurements 46
Chapter 3 - Modeling and Statistical Analysis Methods 49
3.1 -Modeling 49
3.1.1 -Objective 49
3.1.2 -Model Description 49
3.1.3 - Model Physics 50
3.1.4 - Model Input and Output Data 52
3.1.5 -Model Validation 55
3.2 - Statistical Analysis of Experimental Data 55
3.2.1 - Statistical Tests 55
3.2.2 - Statistical Hypotheses 57
Chapter 4 - Results 58
IV
4.1 - Point Monitoring Data 58
4.1.1 - Composite Temperature Analysis VO
4.1.2 -Stormflow Temperature Analysis 81
4.2 - Hodgson Brook Intensive Field Campaign 94
4.2.1 - Baseflow 95
4.2.2 - Stormflow 98
4.3 - Stream Temperature Modeling 105
4.3.1 - Point Location Modeling 105
4.3.2 - High Resolution Temperature Modeling 116
4.3.3 - Sensitivity Analysis · 127
Chapter 5 - Discussion 130
5.1 - Experimental Results Discussion 130
5.1.1 - Summary of Study Hypotheses 130
5.1.2 -Comparison to Previous Studies 134
5.2 - Modeling Discussion 137
5.2.1 - Baseflow Modeling 137
5.2.2 - Stormflow Temperature Modeling 139
5.2.3 - Comparison to Previous Studies 140
Chapter 6 - Conclusions 143
List of References · 146
Appendix A: Calibration Results 153
Appendix B: Storm Characteristic Detail 156
?
List of Tables
Table 1-1: Percent of impervious area cover in coastal NH from 1990 to 2005, based on
NOAA coastal impervious survey data. (Source: http://www.granit.unh.edu/,
downloaded on 2/5/20 10) · 9
Table 2-1 : Study site sensor deployment summary 17
Table 2-2: 30-year average climate data for Durham, NH 19
Table 2-3: Study stream locations and urban watershed characteristics 21
Table 2-4: Characteristics of road crossings in study reaches 22
Table 2-5: Watershed characteristics and monitoring information at study stream
monitoring locations ¦··· 23
Table 2-6: Study sub-reach incremental watershed characteristics 25
Table 2-7: Individual measured versus observed LIOS stream temperatures for the
Hodgson Brook IFC 38
Table 2-8: Averaged results for the August 13, 2009 calibration 38
Table 2-9: Hodgson Brook geomorphic characteristics measured on 6/18/09 47
Table 4-1 : 2008 and 2009 weather data by quarter for Durham, NH. Collected at NOAA
station CRN 54794, at Kingman Farm, Madbury, NH. Deviations are calculated as the
quarterly value minus the 30-yr average value 58
Table 4-2: 2008 and 2009 median water temperature data summary 61
Table 4-3: 2008 and 2009 standard deviation summary 63
Table 4-4: Range of watershed variables included in the regression model described by
Equation (4-1) 75
Table 4-5: 2008 and 2009 median daily average upstream and downstream temperature
differences and sign test results. Differences were calculated as downstream temperature
minus upstream temperature. Tests were run with a = 0.00333 77
Table 4-6: 2008 and 2009 upstream and downstream median diurnal temperature range
differences and sign test results. Differences were calculated as downstream temperature
minus upstream temperature. Tests were run with a = 0.00333 78
Table 4-7: Average storm characteristics by quarter. Averages are calculated only using
data collected during storms. Potential surges are the count of all sites in which
temperature data were recorded during storms. Observed surges are the count of the
identified temperature surges — · 81
Table 4-8: Percentage of monitored storms with a temperature gradient greater than or
equal to 0.5°C/15 min 85
Table 4-9: Mean storm surge gradient and magnitude by quarter for all monitoring
locations 91
Table 4-10: Median difference in storm surge temperature gradient (0C/ 15 min) by
quarter. Differences are calculated as downstream temperature gradient minus upstream
temperature gradient 93
Table 4-11: Hodgson Brook tributary flow measurements by location, in cms. The 8/1/09
measurements were made during a baseflow period, while the 10/7/09 measurements
were made during a stormflow period 98
Table 4-12: Hodgson Brook IFC storm characteristics. Storm beginning and ending
times are the first time period during which precipitation occurred and the last time
period during which precipitation occurred. Events less than two hours apart were
Vl
considered to be the same event. Initial stream temperature is the average temperature
over the stream length prior to the observed precipitation 104
Table 4-13: Q3 2009 average and total non-advective energy fluxes by reach, in W/m .
......................................................................................................................................... 107
Table 4-14: Comparison of observed and modeled temperatures by monitoring location.
Oavg/Pavg and s0/sp are the observed/predicted average and standard deviation
temperatures over the 3 -month modeling period, respectively. N is the number of hourly
temperature observations/predictions during the modeling period. A and B are the linear
regression intercept and slopes, respectively. MAE is the mean absolute error. RMSE is
the root mean square error, broken into systematic (RMSES) and unsystematic (RMSE11).
r2 is the linear correlation between modeled and observed temperatures. NSE is the
Nash-Sutcliffe Efficiency 114
Table 4-15: Hodgson Brook IFC average heat fluxes. Advective heat sources (Tributary,
RSDl, LSDl, RSD2) are estimated from average flows and temperatures relative to main
channel temperatures 122
Table 5-1 : Comparison of Hodgson Brook to Johnson (2004) modeled instantaneous mid-
day non-advective fluxes in W/m 141
vii
List of Figures
Figure 1-1: Energy sources that control stream temperature in a natural environment
(modified from Boyd and Kasper, 2003a) 3
Figure 1-2: Impervious area versus biological condition score (modified from Deacon et
al., 2005) 5
Figure 1-3: Road crossing locations in New Hampshire. Green circles represent a road
crossing over a third order or larger stream 8
Figure 2- 1 : Example of an Onset Hobo datalogger used for this study 16
Figure 2-2: Typical field installation. The Hobo datalogger is tied to a brick. Rope is
tied to the brick on one end, and attached to a tree on the stream bank. Fishing line also
attaches the brick to the shoreline tree 17
Figure 2-3: Coastal NH study sites 20
Figure 2-4: Berry Brook monitoring locations 26
Figure 2-5: Chesley Brook sampling locations 27
Figure 2-6: College Brook sampling locations 28
Figure 2-7: Gerrish Brook sampling locations 29
Figure 2-8: Great Brook sampling locations 30
Figure 2-9: Hodgson Brook sampling locations 31
Figure 2-10: Lee 5 Corners sampling locations 32
Figure 2-11: Reservoir Brook sampling locations , 33
Figure 2-12: Wednesday Hill Brook sampling locations 34
Figure 2-13: Fiberoptic cable used in Hodgson Brook 36
Figure 2-14: Fiber optic cable installation on July 9, 2009. 36
Figure 2-15: Hodgson Brook FO DTS versus in-situ temperatures. The temperature
calibration was determined with the August measurements, and validated with the July
measurements 40
Figure 2-16: Hodgson Brook study reach detail map. Flow is from West to East 42
Figure 2-17: Hodgson Brook right tributary, 10 m upstream of Route 1. Located at FO
DTS station 647 m · · 43
Figure 2-18: Hodgson Brook, upstream view of the Route 1 box culvert. Located at FO
DTS station 655 m 43
Figure 2-19: Hodgson Brook right storm drain #1, located at FO DTS station 687 m. ... 44
Figure 2-20: Hodgson Brook left storm drain #1, located at FO DTS station 687 m 44
Figure 2-21 : Hodgson Brook right storm drain #2, located at FO DTS station 778.5 m. 45
Figure 2-22: Hodgson Brook Cate Street road crossing, located at FO DTS station 919 m.
........................................................................................................................................... 45
Figure 2-23: Longitudinal profile of the Hodgson Brook sediment depth 46
Figure 2-24: Longitudinal profile of Hodgson Brook canopy density 48
Figure 3-1: Heat Source data input and output flow chart 54
Figure 4-1: Berry Brook (301 and 304) and College Brook (101 and 104) 15-minute
enthalpograms for representative 4 week periods in each quarter of 2009 60
Figure 4-2: 2008 daily average temperature time series 66
Vili
Figure 4-3: 2009 daily average temperature time series 67
Figure 4-4· 2008 upstream and downstream annual diurnal temperature range time series.
........................................................................................................................................... 68
Figure 4-5· 2009 upstream and downstream annual diurnal temperature range time series.
........................................................................................................................................... 69
Figure 4-6: Urban watershed characteristics versus temperature metrics by quarter 70
Figure 4-7: Q3 2009 box plots of 15-minute temperature data by reach 72
Figure 4-8: Q3 2008 box plots of 15-minute temperature data by reach 73
Figure 4-9: Urban reach characteristics versus daily average temperature by quarter.
Note log scale used for the culvert length in reach 80
Figure 4-10: Urban reach characteristics versus diurnal temperature range by quarter.
Note log scale used for the culvert length in reach 81
Figure 4-1 1 : Percentage of monitored sites with a storm surge versus average air
temperature during the storm for Q2 and Q3 2009. Each point represents one storm. ... 84
Figure 4-12: Percentage of monitored sites with a storm surge versus average rainfall
intensity during the storm for Q2 and Q3 2009. Each point represents one storm 84
Figure 4-13: Overall watershed urban characteristics versus mean storm surge
magnitudes, gradients, and % of storms with a temperature surge < 88
Figure 4-14: Watershed characteristics versus Q3 2009 mean storm surge magnitude. R
for impervious area, %stream under crossing, and watershed area are 0.18, 0.70, and
0.31, respectively. If the circled Hodgson Brook data are excluded, the R are 0.58, 0.81,
and 0.12 89
Figure 4-15: Mean temperature gradient differences versus urban watershed
characteristics 90
Figure 4-16: Hodgson Brook stream flows at 655 m FO DTS from 7/15/09 to 9/4/09.
Numbers signify Hodgon Brook storm numbers 95
Figure 4-17: Hodgson Brook IFC temporal average (solid) and standard deviation
(dashed) temperature profile. To remove signal noise, plotted values are a 3m moving
average window. Period 1 was from 7/15/09 to 8/13/09. Period 2 was from 8/18/09 to
9/3/09 96
Figure 4-18: Spatiotemporal plot of Hodgson Brook temperatures from Julian day 196
(7/15/09 0:00) to Julian day 199 (7/18/09 0:00). The color bar corresponds to the stream
temperature (0C) · 97
Figure 4-19: Hodgson main channel (660 m FO DTS) and tributary temperature time
series. 8/8/09 to 8/10/09 is a baseflow period, and there is a storm on 8/1 1/09 98
Figure 4-20: Hodgson Brook spatiotemporal stream temperature plots for storms 1 to 6.
Storm drains are located at 680 m FO DTS. Runoff from parking lot located at 810 m FO
DTS. Rainfall and solar radiation during the storm are also shown 100
Figure 4-21: Hodgson Brook spatiotemporal stream temperature plots for storms 7 to 13.
Storm drains are located at 680 m FO DTS. Runoff from parking lot located at 810 m FO
DTS. Rainfall and solar radiation during the storm are also shown 101
Figure 4-22: College Brook longitudinal non-advective energy fluxes and modeled versus
observed temperatures 108
Figure 4-23: Reservoir Brook longitudinal non-advective energy fluxes and modeled
versus observed temperatures 109
IX
Figure 4-24: Lee 5 Comers Brook longitudinal non-advective energy fluxes and modeled
versus observed temperatures HO
Figure 4-25: R2 versus urban watershed characteristics 1 1 1
Figure 4-26: RJVISE versus urban watershed characteristics 1 1 1
Figure 4-27: Hodgson Brook modeled and observed average temperatures and flow for
period 2. Due to model flow routing instabilities, flows below 0.01 1 cms were entered as
0.011 cms 117
Figure 4-28: Differences between Hodgson Brook modeled and measured temperatures
during a typical baseflow period in late July. Temperature differences are calculated as
observed minus modeled temperatures 119
Figure 4-29: Comparison of modeled and observed spatially averaged temperatures for
the Hodgson Brook IFC period 1 and 2 120
Figure 4-30: Comparison of modeled and observed temporally averaged temperatures for
the Hodgson Brook IFC period 1 and 2 120
Figure 4-31 : Hodgson Brook IFC period 1 longitudinal energy fluxes and modeled and
observed water temperatures 121
Figure 4-32: Hodgson Brook IFC period 2 longitudinal energy fluxes and modeled and
observed water temperatures 121
Figure 4-33: Hodgson Brook storm 7 observed temperatures (left), modeled temperatures
(center), arid differences (right). Differences are observed minus modeled temperatures.
All temperatures are described by color, and are in 0C 124
Figure 4-34: Hodgson Brook storm 1 1 observed temperatures (left), modeled
temperatures (center), and differences (right). Differences are observed minus modeled
temperatures. All temperatures are described by color, and are in 0C 125
Figure 4-35: Hodgson Brook storm 12 observed temperatures (left), modeled
temperatures (center), and differences (right). Differences are observed minus modeled
temperatures. All temperatures are described by color, and are in 0C 126
Figure 4-36: Heat Source sensitivity analysis for Wednesday Hill Brook and Reservoir




STREAM TEMPERATURE IMPACTS OF CULVERTS AND IMPERVIOUS AREAS
by
Gary Lemay
University of New Hampshire, September, 2010
Water temperature in small, headwater streams may reveal much about stream
health. Yet, our understanding of stream temperature and its driving factors is limited
compared to other water quality parameters. In addition to natural factors, research
suggests that watershed urbanization may impact a stream's thermal regime. This
research quantified culverts and impervious area's stream temperature impacts across
coastal NH streams using experimental data and a deterministic temperature model.
Impervious areas were found to increase streams' daily average temperatures, possibly
accentuate storm temperature surges, but not diurnal temperature ranges. Road crossings
were found to increase the variability of diurnal temperature ranges, daily average
temperatures, and increase storm temperature surges. Culverts and parking lots' thermal
stormwater runoff impacts were observed during summer rainfall through high resolution
temperature sensors. Modeling results showed that while solar radiation is the largest
energy influx for most streams, it was not in reaches with dense canopy.
Xl
Chapter 1 - Introduction
1.1 - Background
1.1.1- Stream Temperature and Thermal Regime
Water temperature in small, headwater streams may reveal much about stream
health and ecology, including what species may inhabit the stream corridor (Wehrly et al.
2003, Caissie 2006, Todd et al. 2008).. Yet, our understanding of stream temperature and
its driving factors is limited compared to other water quality parameters (Webb et al.
2008). Recently stream temperature's importance has come to the research and
regulation forefront. This interest parallels the development of new technologies that are
allowing stream temperature structure to be studied at high resolutions not previously
possible (Selker et al. 2006b).
Today, streams are often categorized based on a rough average of stream
temperature as cold, cool, or warm water. Widespread adoption of these terms to many
different streams and regions has thus led to inconsistencies within the literature
regarding cold, cool, and warm water boundaries. Chu et al. (2008) list the cold, cool,
and warm water boundaries as less than 190C, between 19 and 25°C, and greater than
25°C, respectively. Neumann et al. (2006) states that coldwater species prefer
temperatures below 22°C. In New Hampshire, cold water is defined as 19°C or below,
which is the highest temperature water in which Eastern Brook Trout are typically found
1
(Carpenter 2008). There is no formal distinction between cool water and warm water in
New Hampshire. In other New England states, Massachusetts defines cold water as
water that is 200C or cooler, while other states do not appear to have any specific criteria
(Flanagan et al. 1999).
The species that inhabit a specific stream reach are determined by the thermal
structure ofthat reach (Caissie 2006). Many different plant and animal species are
associated with each stream category. Eastern Brook Trout are a particularly well known
cold water species. They are an excellent indicator species for stream temperature and
overall stream health (NHF&G 2006). The cutoff between cool and warm water is
defined as a specific temperature in some studies, but several fish species inhabit waters
ofboth categories. In particular, the distinction between cool and warm water is difficult
to determine, and many species may be present within a wide temperature range (Wehrly
et al. 2003, Carpenter 2008).
1 . 1 .2 - Natural Influences on Stream Temperature
Stream temperature is influenced by many factors, including regional climate,
riparian vegetation, and stream bed material (Thompson 2005). Studies disagree on the
most dominant stream temperature influences. Only recently has a general consensus
started to form (Johnson 2003, Bonacci et al. 2008). Air temperature was initially
considered a primary water temperature driver, but it is now known that air temperature
plays a relatively small role in water temperature and stream's heat budgets (Johnson
2003). However, air temperature can be a relatively accurate stream temperature
predictor on daily to weekly time scales, perhaps due to the fact that stream and air
2
temperature variations are caused by many of the same factors (Flint and Flint 2008).
More recent studies generally conclude that in natural streams, solar (short-wave)
radiation is the primary stream temperature driver, but many other factors also play a
large part in influencing stream temperature (Sinokrat and Stefan 1993).
Figure 1-1 shows the significant contributors to stream temperature in a natural
system. Johnson's (2004) shading experiment on a second order mountainous stream
concluded that solar radiation was that stream's primary energy source. Groundwater
influx is also an important factor influencing stream temperatures. Groundwater provides
a relatively steady inflow at a nearly constant temperature year round, dampening daily
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Figure 1-1 : Energy sources that control stream temperature in a natural environment
(modified from Boyd and Kasper, 2003a).
3
Hyporheic flow can have a temperature dampening effect similar to groundwater flow in
streams and rivers, particularly for diurnal fluctuations (Peterson and Sickbert 2006,
Arrigoni et al. 2008, Burkholder et al. 2008, Truslow 2009). Other important heat influx
and efflux sources include net long-wave radiation, surrounding air convection (sensible
heat), latent heat (from evaporation and/or condensation), bed conduction, bed friction,
and inflow from runoff and tributaries (Boyd and Kasper 2003 a).
Each factor's relative stream temperature influence can vary dramatically from
stream to stream as well as from reach to reach. This is a result of dissimilarities and
heterogeneity in riparian canopy shading, bed materials, and groundwater influences
along streams' longitudinal profile. The degree of each factor's importance is not well
defined in smaller streams, particularly those with dense canopy cover and therefore less
penetrating solar radiation (Caissie 2006).
1.1.3- Urban Influences on Stream Temperature
In addition to natural factors, research suggests that watershed urbanization may
have a significant impact on a stream's thermal regime (Krause et al. 2004, Wheeler et al.
2005). Paul and Meyer (2001) list urbanization as a major cause of water quality
impairment in streams and rivers, second only to agriculture. In studies dating from the
late 1960's, urban stream temperature impacts include observed 5-6°C temperature
increases (Pluhowski 1968, Pluhowski 1970). Studies also show that dams
(Khangaonkar and Yanh 2008) and wastewater (Kinouchi et al. 2007) may increase
stream temperature. While groundwater withdrawals have the potential to influence
stream temperature, this has yet to be proven in any studies to date.
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Of the many potential urban influences on stream temperatures, culverts and
impervious areas appear to have the greatest overall impacts on stream health (Schueler
et al. 1992). Culverts and impervious areas have been shown to impact the physical
(Colsimo and Wilcock 2007) and ecological (Ward et al. 2008) aspects of stream
systems. Deacon et al. (2005) found an inverse relationship between stream health and
impervious area within the stream watershed, as shown in Figure 1-2. However, culverts






Figure 1-2: Impervious area versus biological condition score (modified from Deacon et
al., 2005).
Recent research indicates that impervious surfaces may increase stream
temperature following a rainfall event (Nelson and Palmer 2007, Herb et al. 2008,
Thompson et al. 2008). Herb et al. (2008) modeled the heat transfer from an asphalt
parking lot to stormwater runoff for 6 years of rainfall events. They found that most
storm runoff was not much warmer than ambient temperatures, but under certain
conditions large temperature increases were attributable to asphalt parking lots.
Thompson et al.'s (2008) simulations found that impervious surfaces' runoff was 9.5°C
warmer on average than that of sod in Wisconsin. Nelson and Palmer (2007) collected
stream temperature data for several urban streams in the Washington DC area. They
identified temperature "surges" in streams during precipitation events using temperature
gradients. If there was a temperature gradient of over 2°C/30 min, then a surge was
identified. Surges were quantified as the maximum temperature during the event minus
the pre-storm temperature. They concluded that runoff temperature surges occurred more
frequently and had a larger impact on stream temperature in urban streams than in non-
urban streams. Surges are ecologically important because they may cause stream
temperatures to momentarily rise above acutely lethal temperature thresholds, causing
aquatic biota deaths, such as fish kills. Shallow aquifers near impervious areas had
increased temperatures (Taylor and Stefan 2009) and reduced recharge (Erickson and
Stefan 2009), a common source of inflow for streams. Current research has shown a link
between impervious surfaces and elevated runoff temperatures (Thompson et al. 2008),
and that urban areas tend to have more frequent runoff temperature spikes (Nelson and
Palmer 2007) with a higher temperature (Herb et al. 2008). However, very limited data
exist which directly links impervious areas and stream temperatures.
Stream crossings, such as culverts, may also impact stream temperature. Road
crossings' thermal impacts are not yet documented, but impacts on other aspects of
stream health are well documented. Stream crossings have been shown to impact the
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macroinvertebrate community (Khan and Colbo 2008). Improperly designed culverts are
known to cause upstream and downstream geomorphology impacts (Bates et al. 2003).
Stream geomorphic changes may modify streams' hyporheic zones. These influences
may change a stream's thermal regime. To date, the relationship between culverts and
thermal regime changes has not been investigated.
1.1.4- New Hampshire Urbanization
Eastern Brook Trout (EBT) are a well known fish species in NH, and their
presence indicates high quality waters (NHF&G 2006). EBT were historically present in
nearly every watershed or subwatershed throughout New England, and many watersheds
ranging from Canada to Northern Georgia before European settlement (Hudy et al. 2008).
Through the combined effects of land development, road crossings, deforestation, and
potentially global climate change, the number of streams capable of supporting EBT has
significantly declined throughout the Eastern US (NHF&G 2006, Stranko et al. 2008). A
stream temperature rise is believed to be at least partially responsible for this reduction in
habitat (NHF&G 2006), though long term temperature records do not exist to support or
refute this hypothesis.
As of July 2008, NH had a population of 1,315,809 (Census 2008). NH is the
20th most densely populated state in the country (Census 2008). NH' s population has
grown 6.5% in the past 10 years. Though NH is not heavily urbanized, the potential
impacts of urbanization and growth are still evident. For example, there are over 16,500
stream crossings in NH (Figure 1-3). Many of these crossings are culverts. In addition,
7
Coastal NH' s impervious coverage increased by 46% between 1990 and 2000, and by an











Figure 1-3: Road crossing locations in New Hampshire. Green circles represent a road
crossing over a third order or larger stream.
Table 1-1 : Percent of impervious area cover in coastal NH from 1990 to 2005, based on
NOAA coastal impervious survey data. (Source: http ://www . granit.unh.edu/,
downloaded on 2/5/2010).




1.2 - Stream Temperature Modeling
Models allow watershed managers to evaluate the potential impacts caused by
changes to a stream or its watershed. Environmental models can simulate a stream's state
under existing conditions as well as modified conditions. Many types of watershed
models exist. Models are available which can simulate stream flow, sediment transport,
and stream water quality including stream temperature and biological functions such as
nutrient uptake or ecosystem dynamics.
1.2.1 - Stream Temperature Models
There are several models that predict stream temperatures in relatively natural
settings (Boyd and Kasper 2003a, Haag and Luce 2008). Most stream temperature
models employ either a deterministic or empirical approach. Empirical models are fitted
or regression models that rely on a select number of stream or environmental parameters
to predict stream temperatures. Deterministic models are physics-based models that
simulate the energy budget of the stream, and can provide insight on the system's
physical behavior.
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Models which use empirical relationships to estimate stream temperature include
LARSIM-WT, QUAL2E, QUAL2Kw, and MNSTREAM (Annear and Wells 2007, Haag
and Luce 2008). The empirical models usually predict water temperature using
regression relationships, such as a relation between the water temperature and the air
temperature derived from observations. Discrepancies between modeled and observed
water temperature are usually due to a limitation of the regression relationship.
Normally, only the largest influences on stream temperatures are included in empirical
equations. As a result, some temperature influences are inherently excluded from any
empirical model. Therefore, local temperature variations within a stream often cannot be
explained.
Empirical models tend to work at a large spatial scale, ranging from a Hydrologie
Unit Code (HUC) 8 to a HUC 6 or larger watershed. The temporal resolution of most
empirical models is typically daily to weekly, or longer (Annear and Wells 2007).
Phenomena such as diurnal fluctuations and storm surges are usually, as a result, not
modeled. Most empirical models are calibrated and designed for a specific situation,
such as a certain region and stream size. Often though, empirical models also include
calibration coefficients which allow empirical models to be modified for new locales and
situations. This allows most empirical models to be applied to a broad range of situations
if properly calibrated. Overall, empirical models are effective for modeling stream
temperatures in many situations, and are valuable when limited data are available.
Empirical models also exist to classify streams thermal regimes. Hudy et al.
(2008) predict the presence or absence of EBT on a subwatershed scale for streams along
East coast states from Maine to Georgia. Their model characterizes streams based on
10
forest cover and composition (hardwood versus softwood), sulfate and nitrogen
deposition, agricultural land use, and road density. Neils (2007) created a statistical
model based on watershed size, slope, elevation, latitude, and longitude to classify
streams as coldwater or warmwater for NH. Olivero and Anderson (2008) predict aquatic
habitat and biota on a subwatershed scale based on watershed size, stream gradient, and
stream geology. Their model predicts the streams as coldwater, transitional cool,
transitional warm, or warmwater. These models are useful for prioritizing conservation
and restoration efforts, but do not directly predict water temperature.
Deterministic models typically use an energy budget to predict water temperature
within a stream reach. A deterministic model defines a control volume and simulates the
energy, or heat, entering and exiting that control volume. Water temperature is a measure
of the energy stored in the system. Changes in the control volume's energy directly relate
to changes in the control volume's temperature. The use of a physical heat budget
equation means deterministic models may in theory be applied at any spatial or temporal
resolution.
Deterministic models generally require a significant amount of information to set-
up and apply. Deterministic models may be applied in scales as small as 1 m and 5 min,
while retaining the ability to scale up to any size watershed, if the resolution of the input
data are adequately detailed (Boyd and Kasper 2003a). Yet, when models are run for
short time steps and/or high resolutions, input dataseis must be available at similar scales
in order to produce accurate results. In summary, deterministic models have the potential
to predict mean water temperatures and local temperature variations at any timestep
accurately and precisely, if the appropriate input datasets are available.
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New England has few stream temperature models. Dingman (1972) described the
only model designed and calibrated for natural New England streams. His model
combines an empirical and deterministic approach to predict stream temperature, and
uses a heat budget approach. However, the energy influxes and effluxes are determined
using empirical relationships. Dingman's model uses weather conditions (clear/cloudy),
wind speed, air temperature, relative humidity, and incoming solar radiation to calculate
an equilibrium temperature for that set of conditions (Dingman 1972). The model is
appropriate for large scale applications, including lakes and large rivers (Morse 1972).
1 22 - Deterministic Energy Budget
There are several deterministic stream temperature models. Boyd and Kasper' s
(2003a) HeatSource model is used by the Oregon Department of Environmental Quality
(DEQ) for temperature Total Maximum Daily Load (TMDL)s. HeatSource accounts for
all of the energy fluxes described in this section. LeBlanc et al.' s (1997) CrUSTe model
predicts extreme temperature values in urban streams for low flow periods. CrUSTe
models the fluxes described in equation (3-3) except for hyporheic exchange and bed
conduction. Younus et al. 's (2000) model predicts stream temperatures on an hourly
basis, but has only been validated in upland agricultural streams. Their model includes
the same energy fluxes as the CrUSTe model. Each deterministic model considers
different energy fluxes and has varying levels of complexity, but all employ a heat budget
approach to temperature predictions.
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1.2.3 - Urban Stream Temperature Modeling
Several considerations should be taken into account when modeling an urban
stream versus a natural stream. The same heat fluxes apply to natural and urban streams,
but the magnitude and relative importance of each influence may change drastically.
Urban streams may have a much sparser canopy than natural forested streams. Existing
models calibrated for moderate to dense canopies may not be well suited for open areas.
Urban streams often have point source inputs including storm drains and discharge
points. In an urban stream the channel geometry and bed makeup may differ from a
natural streambed (Konrad et al. 2005). In addition, urban streams often flow through
culverts or underground for long distances.
Though existing empirical models can be calibrated for a wide range of natural
streams, the dominant factors driving stream temperatures in natural streams may be
different in urban streams. Thus, urban streams may have a different parameter range
than natural streams. In contrast, a deterministic model is generally more adaptable than
an empirical model. The heat flux equations can be changed in a deterministic model
without changing the model physics. Therefore, a deterministic energy budget model
may be more appropriate to model natural and urban stream temperatures.
1.3 - Research Objectives and Hypotheses
Culverts and impervious areas which impact stream geomorphology and stream
health are prevalent throughout NH. Yet, the relationship between culverts, impervious
areas, and thermal regime impacts has not been directly studied. Current research has not
13
explored the thermal impacts of road crossings. In addition, though impervious areas
have been found to impact summertime temperature surges, their link to baseflow
temperatures and temperature surges in other seasons has not been studied. Finally,
though energy budgets have been modeled in a wide range of natural streams, energy
budgets of urbanized streams have not been modeled before. The quantification of these
potential thermal regime impacts, and the change in resulting energy budgets is the focus
of this research.
The purpose of this research is to identify the thermal impacts of urbanization on
small streams, with the primary focus on the effects of stream crossings and impervious
surfaces. The objective of this study is to quantify urban thermal regime influences using
experimental data and statistical methods. Two research questions are central to this
study: 1) Do stream temperatures significantly increase when traveling through urban
areas; and 2) Do urban areas increase a stream's diurnal temperature variation?
There are two main goals for this study. The first goal is to characterize the
impacts of culverts and impervious areas on stream temperatures. It is hypothesized that
Hl : culverts will lead to an increased variability in temperature, but not change mean
temperatures or stormfiow temperatures, and H2: impervious areas will tend to increase
the mean temperature of a stream, increase the variability in temperature, and create
"temperature surges" after rainfall events as a result of heated or cooled runoff. The
second goal is to determine the dominant physical drivers of stream temperature for small
head water streams in this region. It is hypothesized that H3: solar radiation will be the
dominant heat influx, even in smaller streams with a dense canopy cover.
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Chapter 2 - Experimental Methods and Site Descriptions
In order to assess the impacts of culverts and impervious areas on stream
temperatures, experimental data were collected from streams throughout coastal New
Hampshire. Sites were chosen in order to assess a wide range ofupstream and individual
impacts. Some locations were chosen to assess the cumulative effect of upstream
impacts, while some locations were chosen to isolate individual impacts' effects.
Temperature data were continuously collected at several point monitoring locations
within nine study streams. The study reaches have a range of road crossings and
impervious areas in their watersheds. In addition, an Intensive Field Campaign (IFC)
was conducted from July to September 2009 at one of the point monitoring study reaches.
2.1 - Point Monitoring
The objective of the point monitoring was to collect temperatures from a wide
range of streams in terms of watershed size and urbanization. This allowed temperatures
to be compared on a cumulative watershed scale and by individual reach impacts.
Cumulative watershed comparisons are important for determining road crossings' and
impervious areas' overall impact on streams' absolute temperatures. Individual reach




Streams were monitored for stream temperature, relative light levels, canopy
density, and flow/stage in some locations. Sensors were deployed at the upstream and
downstream end of the study reaches. Additional instruments were deployed in the
reaches when there were several potential temperature impacts.
This study used several methods to measure stream temperature. Stream
temperature data were collected primarily with Onset HOBO® Pendant Dataloggers
(Figure 2-1). The dataloggers were deployed in the study reaches for 2 to 4 week
periods, at which time the data were downloaded and the datalogger was redeployed.
Figure 2-2 shows an example óf a field installation with a temperature sensor. Each site's
deployment dates are listed in Table 2-1 . Deployment dates varied and were dependent
on the number of available temperature sensors and the ability to frequently check the
deployed dataloggers. Temperatures were recorded every 15 minutes at each study site
location.
6G e







Figure 2-2: Typical field installation. The Hobo datalogger is tied to a brick. Rope is
tied to the brick on one end, and attached to a tree on the stream bank. Fishing line also
attaches the brick to the shoreline tree.










































Before field deployment, all HOBO dataloggers were calibrated in well-mixed
constant temperature water baths at 15 and 200C. The dataloggers were compared to the
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temperature recorded by a base datalogger. This base datalogger was calibrated using a
thermocouple. The mean deviation from the base datalogger temperature was recorded
for each datalogger. A constant temperature bias between the dataloggers was found for
the temperature range. The biases were used to correct temperature data before analysis.
The calibration results for each datalogger are summarized in Appendix A: Calibration
Results.
Upon collection, all data were inspected for erroneous values and suspect data.
Field notes describing the condition of the datalogger during collection were used. Time
series of the data versus local air temperatures were visually inspected. Records were
rejected if the datalogger was out of the water, frozen in ice, buried in sediment, or if the
datalogger was malfunctioning. All rejected records were flagged and excluded from
analysis.
2.1.2 -Climate
Study sites were all located in coastal New Hampshire. This minimized weather
differences among streams. Coastal New Hampshire, according to the Durham, NH
NOAA Northeast Regional Climate Center (NRCC) 30-year average, has an average
mean daily temperature of 8.70C (47. 60F), with a monthly average temperature range
from -5.00C (23.30F) in January to 21.5°C (70.70F) in August. Average annual
precipitation is 109 cm/yr (42.8 inches/yr). Quarterly precipitation and air temperature
averages appear in Table 2-2.
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Table 2-2: 30-year average climate data for Durham, NH.
___________________________Quarter 1 Quarter 2 Quarter 3 Quarter 4
Average Air Temperature (0C) ??? Ì3~20" 1930 3.69
Average Precipitation (cm) 24J) 283 25J) 30.6
2.1.3 - Study Site Summary
The target streams are 1st and 2nd order streams with a wide range of impacts and
urban influences. Study watersheds and sampling locations are shown in Figure 2-3.
Table 2-3 summarizes the study locations and urban watershed influences. Each study
stream contained at least one road crossing, and between 0 and 1 1 upstream road
crossings (Table 2-5). Road crossings in the study reaches are characterized in Table 2-4.
The amount of impervious area within the study watersheds ranged from 3.4 to 43%.
The correlation between % of the stream in a road crossing (stream underground) and %
impervious area was R2=0.54. Watershed characteristics at each monitoring location are
described in Table 2-5, and reach characteristics between monitoring locations are listed
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2. 1.4 -Berry Brook
Berry Brook is located near downtown Dover, NH and is a tributary to the
Cocheco River. Berry Brook has relatively forested headwaters, with increasingly urban
conditions downstream. Stream temperatures were collected from February 2009
through December 2009. Streamflow data were collected from September 2009 to
November 2009 (Figure 2-4).
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Figure 2-4: Berry Brook monitoring locations.
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2.1 .6 -College Brook
College Brook is located in Durham, NH and is a tributary to the Oyster River.
College Brook's water temperature was monitored in four locations from December 2007
through December 2009 (Figure 2-6). Intermittent streamflow data were collected from
December 2007 to December 2009 in one location.
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Figure 2-6: College Brook sampling locations.
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2.1.7- Gerrish Brook
Gerrish Brook is located in Durham, NH, and is a tributary to the Oyster River.
Gerrish Brook was monitored for stream temperature in two locations from July 2008 to
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Figure 2-7: Gerrish Brook sampling locations.
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2.1.8 -Great Brook
Great Brook is located in Kingston, NH and is a tributary to the Exeter River.
Great Brook stream temperature was monitored in three locations froni July 2008 to
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2.1.9 - Hodgson Brook
Hodgson Brook is located in Portsmouth, NH and flows into the tidally-
influenced North Mill Pond. Hodgson Brook was monitored for stream temperature in
four locations from July 2008 through December 2009. Hodgson Brook also has
continuous stage and approximate flow measurements from November 2008 through
October 2009 (Figure 2-9).
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Figure 2-9: Hodgson Brook sampling locations.
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This unnamed study stream is a tributary to the Oyster River located in Durham,
NH. For ease of identification, this stream will be referred to as the Lee 5 Corners Brook.
Lee 5 Corners Brook's stream temperature was monitored in three locations from April






















Figure 2-10: Lee 5 Corners sampling locations.
e Uvster
River. Reservoir Brook is also locally known as Pettee Brook. Reservoir Brook stream
temperature was monitored in three locations from July 2008 to November 2008, and
February 2009 to December 2009 (Figure 2-11).
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Figure 2-11: Reservoir Brook sampling locations.
2.1.12- Wednesday Hill Brook
Wednesday Hill Brook is a located in Lee, NH and is a tributary to the Lamprey
River. Wednesday Hill Brook's stream temperature was monitored in three locations
from October 2008 through December 2009. Wednesday Hill Brook had intermittent
approximate flow measurements from December 2007 through December 2009 (Figure
2-12).
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Figure 2-12: Wednesday Hill Brook sampling locations.
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2.2 - Hodgson Brook Intensive Field Campaign
The Hodgson Brook IFC was a spatially and temporally high-resolution
characterization of an urban stream's thermal regime. The purpose of the IFC was to
allow individual thermal impacts to be identified and characterized for baseflow and
stormflow periods on a finer scale than was possible with the point monitoring
observations. In addition to FO DTS and point location stream temperature observations,
canopy density, hyporheic zone depth, and geomorphic features along the stream corridor
were measured longitudinally. Points of interest along the stream, road crossings,
tributaries, and stormwater drainage outlets were recorded with a Garmin handheld GPS
unit. Temperature data were collected at the point monitoring locations throughout the
study reach (Figure 2-9).
2.2.1 - Instrumentation
A Fiber Optic Distributed Temperature Sensor (FO DTS) was deployed during
the Hodgson Brook IFC. A 350 m section of a 1 km, 2.5 mm diameter Sensortran CA-
01 -V3 Type III armored fiber optic cable (Figure 2-13) was placed in the stream (Figure
2-14).
Temperature along the cable was monitored using a LIOS Technology OTS20P
2000/4000 unit. The FO DTS measured stream temperature with a 0.010C precision.
The LIOS unit was connected to a Dell laptop running version 1.3.2.0 of the proprietary
LIOS CHARON 02 software. The LIOS unit recorded stream temperature every 1 min
35
1 m along the cable from 7/14/2009 to 9/3/2009. The LlOS unit was provided by
US
Figure 2=13: Fiber optic cable used in Hodgson Brook.
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LIOS temperature data require in~situ calibration. The cable was calibrated
)n July 15, 2009, and again on August 13, 2009. For the My calibration,
measurements were taken at multiple locations along the length of the
A thermocouple was placed next to the cable and temperature measurements were made
every 1 min for 5 min. The 5 min in-situ average and the FO DTS temperature values
were recorded.
For the August calibration, warm and cold temperature baths were placed near
each other at an upstream and a downstream location. The upstream calibration points
were just before the cable entered the stream. The downstream calibration points were
close to the cable end. 5 to 8 m coils of cable were placed in each bath. The cold bath, a
cooler with a water and ice mixture (7 kg [15 lbs] of ice) maintained a temperature of
0.20C. The warm bath was a cooler filled with hot water, and had a temperature of 45°C.
A thermocouple recorded the bath temperature three times during the 10 minute
calibration. The thermocouple was accurate to +/- 0.10C, and was precise to 0.010C. The
average cable and thermocouple temperatures were used for the calibration. The
individual measurements are listed in Table 2-7. Table 2-8 summarizes the August
calibration measurements.
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Table 2-7: Individual measured versus observed LIOS stream temperatures for the
Hodgson Brook IFC.






































































































































































Based on the calibration measurements, the FO DTS had a temperature bias, a
spatial trending of the bias, and a thermal trending over the range of recorded
temperatures. The errors were linear in space and temperature ranges, and were
consistent over time. A linear calibration was fit using the calibration data as follows
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T = xS + yU-B (2-1)
where T is the in-situ temperature (0C), S is the FO DTS station where the temperature
was recorded (m), U is the uncorrected FO DTS temperature reading (0C), ? is the spatial
trend coefficient, or the change in the temperature discrepancy along the cable, y is the
thermal trending slope coefficient, or the change in the temperature discrepancy as a
function of the FO DTS temperature, and B is the temperature bias that the FO DTS
measures at O0C at station O m.
A regression analysis was performed to determine the best fit coefficients using
the August calibration data. The calibration relationship
G = -0.004945 + 1.13t/ -3.57 (2-2)
had an r2 value of 0.999, and an RMSE of 0.680C. The July calibration measurements
were used to validate Equation (2-2). The results had an r2 = 0.973 and an RMSE of
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Figure 2-15: Hodgson Brook FO DTS versus in-situ temperatures. The temperature
calibration was determined with the August measurements, and validated with the July
measurements.
2.2.2 - Site Description
Hodgson Brook is a second-order coastal stream located in Portsmouth, NH. The
stream's headwaters begin in the North section of the Pease International Tradeport in
Newington, NH. The stream travels southeast through the Tradeport into Portsmouth,
NH, underneath Interstate 95, and under several other roads and buildings before entering
the tidally-influenced North Mill Pond. Many reaches have been channelized,
straightened, and redirected through underground piping (Hodgson Brook Local Action
Committee, 2004). From the upper headwaters to North Mill Pond, Hodgson Brook has
40
10 road crossings. The Hodgson Brook watershed area is 9.63 km , of which 37% is
impervious.
The 350 m study reach begins approximately 10 m upstream of Route 1. The
stream flows nearly straight East-North-Easterly (Figure 2-16). At the beginning of the
study reach, there is a small tributary on the south bank (Figure 2-17) before the stream
passes under the 25 m Route 1 culvert. The Route 1 road crossing is four side-by-side
box culverts. The flow is generally spread between three of the four culverts (Figure
2-18). 5 m downstream of the culvert exit, there are storm drains on the south (Figure
2-19) and North (Figure 2-20) banks that drain into the stream. There is another storm
drain 150 m downstream of the Route 1 road crossing (Figure 2-21). The stream
continues in a nearly straight line until after the Cate Street road crossing. The stream
turns slightly northerly after Cate Street (Figure 2-22). The study reach ends
approximately 50 m downstream of the Cate Street road crossing.
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Figure 2-16: Hodgson Brook study reach detail map. Flow is from West to East.
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Figure 2-17: Hodgson Brook right tributary, 10 m upstream of Route 1. Located at FO
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2.2.3 - Auxiliary IFC Measurements
In the IFC study reach, sediment depth, geomorphic features, and canopy density
were measured at constant intervals, and at additional points of interest. Sediment depth
was measured every 20 m. Additional measurements were taken at points where changes
in the streambed were visible or where geomorphic features suggested potential changes.
Measurements were taken by inserting a 9.5 mm (3/8 in) steel rod into the streambed
until refusal by bedrock or insertion into clay. If the streambed consisted of clay or
bedrock, no hyporheic zone was present. Hodgson Brook's sediment is relatively
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Figure 2-23: Longitudinal profile of the Hodgson Brook sediment depth.
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The geomorphic features of Hodgson Brook were recorded along the longitudinal
profile of the stream. Topographic data were collected with a Trimble Spectra 10 Total
Station at 4 cross-sections on June 17 and 18, 2009. The entrenchment ratio (ER),
bankfull width/depth ratio (W/D), and bankfull slope were collected at each cross section
(Table 2-9). The stream was classified as an F-4 type using the Rosgen stream
classification system. F-4 type streams have gravel-dominated streambeds, and are
considered disturbed and overwidened (Rosgen 1996). F type streams are considered
unstable, and do not have a properly sized floodplain for the flows the stream
experiences. This may lead to stream bank erosion as the stream reestablishes a larger
floodplain.
Table 2-9: Hodgson Brook geomorphic characteristics measured on 6/18/09.
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Canopy density was measured every 30 m with a spherical densiometer.
Additional readings were taken when there was a notable change in the canopy density.
Values are the average of North, East, South, and West facing readings. The canopy
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Figure 2-24: Longitudinal profile of Hodgson Brook canopy density.
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Chapter 3 - Modeling and Statistical Analysis Methods
3.1- Modeling
3.1.1 -Objective
This study's modeling objective is to determine the most important stream
temperature drivers in urban streams, and examine the ability of a deterministic stream
temperature model to predict temperatures in an urban stream. This will be accomplished
by using a stream temperature model to characterize Hodgson Brook's spatiotemporal
water temperatures from mid-July to early September 2009, and point monitoring reaches
for the warmest portion of the year. Statistical tests will used to compare modeled and
observed temperatures from the Hodgson Brook IFC. Modeled stream heat budgets will
be used to quantify each stream temperature driver's relative importance.
3. 1 .2 - Model Description
The model used for this study is the Oregon DEQ model, Heat Source version 8.0
(Boyd and Kasper 2003a). The Heat Source model is a one-dimensional deterministic
stream temperature model that predicts temperatures based on a variety of physical
factors, including watershed and stream characteristics. Heat Source is described in Boyd
and Kasper (2003a) and (2003b), and Loheide and Gorelick (2006). Heat Source's
spatial resolution ranges from 1 m to 1 km, and its temporal resolution ranges from 1 min
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to 1 hour (Boyd and Kasper 2003a). Heat Source can be applied at scales ranging from
small 1st order headwater streams to 6th order and larger rivers. The Heat Source model
simulates a stream's heat inputs, outputs, and water temperature longitudinal profile over
time.
3.1.3 -Model Physics
Heat Source's deterministic energy budget is used to calculate water temperature
changes due to an influx or efflux ofheat to or from the control volume. This change in
temperature is given by Boyd and Kasper (2003 a) as
---------------- (3-1)
dTw _ Arrotai = F?aa,
dt Pv*cw· Vw pw*cw· dw
where Tw is the water temperature, t is time, Aw is the cross-sectional area of water
perpendicular to the flow direction, OT0tai is the total heat influx (+) or efflux (-), pw is the
density of water, cw is the specific heat of water, Vw is the control volume of water, and
dw is the water depth for the control volume. Advective heat fluxes, such as groundwater
and tributaries are considered separately from heat fluxes. Temperature changes due to
advective fluxes are calculated using a mass balance approach as
? T ?-? T (3-2)\rp_ \£stream stream ¿¿ inflow inflow _ ?·¿i -i — ~G ~? ? stream
¡¿stream iiinflow
where ?? is the change in stream temperature, Qstream is the initial stream flow, Tstream is
the initial stream temperature, Qinfiow is the inflow and Tinfi0w is the temperature of the
inflow.
50
F-Totai, the control volume's net heat flux, is described as
Ft??a? ~ Fsolar ~^~ F longwave "^" F evaporation "¦" Fcondensation "*" Fconvection ' F bedconduction ' F hyporheic \p-j)
where F80?3G is the heat absorbed from solar radiation, ©iongwave is the net amount of heat
the stream absorbs or emits due to longwave radiation, evaporation is the amount of energy
released by the control volume due to evaporation, ©condensation is the amount of energy
absorbed due to condensation, ©convection is the heat influx or efflux due to the convective
heat flux of the air, ©bedconduction is the heat gained or lost in the streambed, and ©hyporheic is
the amount of heat gained or lost to the hyporheic zone of the stream. All of the energy
fluxes are positive (negative) if they are adding (removing) energy to (from) the stream
water.
©soiar is also referred to as shortwave radiation. The solar radiation absorbed is a
function of many factors, including the position and angle of the sun, cloud cover density,
canopy cover, and the stream surface and stream bed albedo. Solar radiation is always a
positive energy flux.
The longwave radiation absorbed by a stream is
Flongwave ~ Fatmosphere ' Fland cover + Fstream W-V
where ©atmosphere is the atmospheric radiation, ©îandcover is the radiation from the
surrounding landscape, and ©stream is the radiation emitted by the stream. Longwave
radiation is emitted by all objects, including the stream. The net longwave energy
amount may be positive or negative.
©evaporation and ©condensation are mutually exclusive fluxes, ©evaporation is a negative
flux, but if the stream is experiencing condensation then this value will be zero.
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«!»condensation is a positive flux, but if the stream is experiencing evaporation then this value
will be zero. Therefore, only one of these fluxes will be nonzero at any time.
©bedconduction may be a positive or a negative flux depending on whether the bed is
warmer or cooler than the stream water. Bed conduction includes bed friction and
conduction between the stream and the surface of the streambed.
The hyporheic zone acts as a buffer for stream energy. On an annual cycle
«thyporheic approaches zero. For shorter than annual time periods, OhypoAeic may have a
large impact on the stream temperature (Arrigoni et al. 2008, Truslow 2009).
3 . 1 .4 - Model Input and Output Data
Heat Source requires environmental, weather, and stream data. Heat Source's
data inputs and outputs are summarized in Figure 3-1 . Spatial data are collected using
TTools, a GIS extension that gathers spatial and geographic data using GIS coverages.
TTools uses a 1/3" USGS digital elevation model grid (DEM), stream centerline
coverage, and a land cover grid to calculate a study reach's aspect, elevation, gradient,
and topographical and vegetation shading at user specified intervals as small as 1 m. The
USGS DEMs were obtained from the USGS seamless website (USGS 2009). Stream
centerlines are based off of the USGS 1 :24000 digitized stream centerlines. The land
cover grid was manually digitized around each study reach based on canopy density
observations. The land cover grid includes canopy density and canopy height.
Boundary conditions include inflowing upstream boundary flows and
temperatures and the flow and temperatures of any tributary or groundwater inflow.
Required weather data are wind speed, relative humidity, cloud cover, and air
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temperatures on a user-determined timestep, usually 1 hour or 1 minute. Channel
characteristics are stream width, bank angle, and manning's n. Stream width was
estimated using field observations. Bank angle was estimated to be 45° for all reaches.
Manning's ? was estimated to be 0.300 for all reaches.
Heat Source outputs stream temperatures and each non-advective heat flux at user






























Model outputs will be validated with observed temperatures to determine the
ability of Heat Source to predict temperatures in a variety ofurbanized reaches. Modeled
temperatures will be compared to observed temperatures at point locations using mean
bias error, root mean square error, mean absolute error, coefficient of determination, and
the Nash-Sutcliffe model efficiency. These metrics have been used by other studies to
assess model accuracy and efficiency (Willmott 1982, Bryant et al. 2005).
3.2 - Statistical Analysis of Experimental Data
3.2.1 - Statistical Tests
Qualitative and quantitative methods are used to analyze the stream temperature
data. Qualitative methods are used to visually identify general trends and differences in
thermal regimes between monitoring locations. Quantitative methods are used to
statistically test hypotheses and to determine relationships between upstream and
downstream temperature data.
The two qualitative methods used are time series plots of temperature
(enthalpograms) and box plots. Enthalpograms show the temperature evolution at
upstream and downstream locations. Box plots show median values, the data spread, the
data skewness, and extreme values (Helsel and Hirsch 2002). Quantile plots display the
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complete temperature range and allow values at any percentile to be compared (Helsel
and Hirsch 2002).
The two quantitative tests are matched pair tests and independent comparisons.
Matched pair tests compare temperatures between two monitoring locations. Matched
pairs remove a streams' temporal temperature variability, isolating the temperature
differences between two locations (Helsel and Hirsch 2002). Independent comparisons
are used to determine if urbanized reaches have a significantly greater temperature
increase per unit length than non-urbanized reaches.
There are three reasons to analyze the data as a matched pair dataset rather than as
independent dataseis. First, preliminary analyses show the upstream and downstream
dataseis are not independent and are highly correlated. Second, there is a logical pairing
of upstream and downstream data. Finally, matched pair dataseis remove temporal
stream temperature variability, allowing signal changes to be removed (Helsel and Hirsch
2002).
The three matched pair tests considered were the sign test, the Wilcoxon signed-
rank test, and the paired t-test. The signed-rank and paired t-test assume differences are
symmetric and normally distributed (Helsel and Hirsch 2002). The sign test makes no
assumptions about the underlying data distributions (Helsel and Hirsch 2002). Because
the same analysis method should be applied to all dataseis, any rejection of normality or
symmetry for a single dataset means the respective test should be rejected for this study.
This study uses both paired tests. Normality of the dataseis was tested using the
PPCC test. Symmetry was visually tested using histograms (Helsel and Hirsch 2002).
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Preliminary results indicate that the dataseis are not normal, nor symmetric. Therefore,
the sign test is used for paired tests.
Linear regressions were used to determine relationships between watershed
characteristics and streams' temperatures. Linear best fit models quantify the relative
importance and identify statistically significant relationships between chosen factors and
responses.
3.2.2 - Statistical Hypotheses
Statistical methods are used to test the hypotheses stated in section 1.3. Culverts
are hypothesized to increase diurnal variations, and have no impact on the mean
temperature. Impervious areas upstream of monitoring locations are hypothesized to
increase both diurnal variations and mean temperature. In general, urban reaches are
expected to increase stream temperatures and temperature variations, while non-urban
reaches are expected to have little to no impact on stream temperatures.
Statistical significance used an a = 0.05 significance level. Matched pair tests
will be run for each of the 15 study reaches, increasing the cumulative probability of a
Type I error (Helsel and Hirsch 2002). To account for this, a Bonferroni correction will
be used to adjust the individual significance level. A Bonferroni correction divides the
desired cumulative significance (alpha values) by the number of individual tests (N),
lowering the individual a for each test to a/?. The N = 15 tests give an individual a =
0.00333 for the matched pair tests. When only one statistical test is performed, then a =
0.05.
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Chapter 4 - Results
4.1 - Point Monitoring Data
The 2008 and 2009 study period weather was wetter than the 30-year average
(Table 4-1). The long-term average precipitation of 109.0 cm/year was exceeded by 55.4
cm and 19.5 cm in 2008 and 2009, respectively. 2008 was wetter than 2009, particularly
in the first and third quarters. 2009 was somewhat cooler than 2008, with the largest
differences in thè first and third quarters. While no historical solar radiation data were
available, 2008 and 2009 values were similar. Water temperatures matched well with
average air temperatures from year to year. Except for one monitoring location (203), all
sites were colder in Q3 of 2009 than 2008 (Table 4-2).
Table 4-1 : 2008 and 2009 weather data by quarter for Durham, NH. Collected at NOAA
station CRN 54794, at Kingman Farm, Madbury, NH. Deviations are calculated as the
quarterly value minus the 30-yr average value.
Deviation from Deviation from AverageAverage Air D . .+ +. 1970-2000 1970-2000 ,Time ^ Precipitation . . . A aolarPeriod TemPerature (cm) Average Air Averagerenoa ^ \ywj Temperature Precipitation . 2)(0C) (cm) l m ;
2008-Q1 -1.9 46.3 0.16 22.3 105
2008-Q2 12.7 25.9 -0.50 -2.4 225
2008-Q3 18.5 57.8 -0.80 31.9 206
2008-Q4 3.5 34.4 -0.15 3.8 84.7
2008 8.2 164.4 -0.49 55.4 155
2009-Q1 -3.2 24.8 -1.18 0.8 118
2009-Q2 12.6 33.9 -0.60 5.6 206
2009-Q3 17.9 35.1 -1.40 9.2 211
2009-Q4 4.1 34.7 0.41 4.1 80.9
2009 7.9 128.5 -0.85 19.5 153
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Stream temperature results are presented by quarter and for the month of August.
Quarter 1 (Ql) is January to March, Quarter 2 (Q2) is April to June, Quarter 3 (Q3) is
July to September, and Quarter 4 (Q4) is October to December. Additional analyses were
conducted for Q3, because Q3 was the warmest period of the year.
Figure 4-1 shows examples of the continuous 15-minute stream temperature data
by quarter for upstream and downstream locations in Berry Brook (301 and 304) and
College Brook (101 and 104). The graphs show the typical temperature changes in time
and space. Quarter 3 temperatures were the warmest and had the greatest thermal
variations. Notable differences between Berry Brook and College Brook are evident in
Ql, where downstream temperatures are warmer in College Brook, but colder in Berry
Brook. In the summer, downstream temperatures are often warmer.
Table 4-2 summarizes daily average temperatures and diurnal temperature ranges
by quarter. Median daily average temperatures were the lowest in Ql (0.8-5.60C) and the
warmest in Q3 (14.1-20.50C). Median diurnal temperature ranges were generally
smallest in Q4 (1.5-2.10C), though some sites had smaller diurnal temperature ranges in
Ql (1.3-4.00C). Median diurnal temperature ranges were greatest in Q2 (1.6-5.20C).
Table 4-3 summarizes streams' standard deviation and mean temperatures divided
by standard deviations. Standard deviations were generally highest in Q2 (1 .4-4.50C) and
Q4 (3.0-4.70C). Mean temperatures relative to the standard deviation were generally

















3/8/09 3/15/09 2/15/09 2/22/09 3/1/09 3/8/09 3/15/09
Date
5/30/09 6/6/09 6/13/09 6/20/09 6/27/09
Date
a> 10 — 301
— 304
5/30/09 6/6/09 6/13/09 6/20/09 6/27/09
Date
— 104
7/15/09 7/22/09 7/29/09 8/5/09 8/12/09
Date
— 301
7/15/09 7/22/09 7/29/09 8/5/09 8/12/09
Date
— 101
11/28/09 12/5/09 12/12/09 12/19/09
Date
12/26/09 11/28/09 12/5/09 12/12/09 12/19/09 12/26/09
Date
Figure 4-1: Berry Brook (301 and 304) and College Brook (101 and 104) 15-minute
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Daily average temperature profiles for 2008 (Figure 4-2) and 2009 (Figure 4-3)
show that the study streams had a similar annual temperature evolution, but that
temperatures varied by stream. From mid-December to early March, daily average
temperatures were consistently slightly above O0C, with little variation. Streams rapidly
warmed from early March to early May. In mid-May, temperatures increased more
gradually until they peaked. In 2008, temperatures peaked in mid-July. In 2009,
temperatures peaked first in late July and again in late August. The warmest daily
average temperatures were between 17 and 25°C. After peaking, streams steadily cooled
until reaching stable winter temperatures in late December.
Diurnal temperature ranges were not as consistent as the daily average
temperatures for 2008 (Figure 4-4) and 2009 (Figure 4-5). Overall, streams follow an
annual cycle in which the diurnal ranges are smallest in the winter, largest from early
March to early May, and moderate during the remainder of the year. Summertime
diurnal ranges were ~2.5°C and varied from 1 to 4°C. Upstream and downstream
locations typically have similar temperatures.
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12/26/2008 1/1/2008 3/31/2008 6/29/2008
Date
9/27/2008 12/26/2008
Figure 4-2: 2008 daily average temperature time series.
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College Brook Hodgson Brook
&10-
»
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1/1/2009 4/1/2009 6/30/2009 9/28/2009 12/27/2009
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Figure 4-3: 2009 daily average temperature time series.
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Figure 4-6: Urban watershed characteristics versus temperature metrics by quarter.
4.1.1- Composite Temperature Analysis
Streams' median daily average temperature and diurnal temperature range were
plotted against urban characteristics, and grouped by quarter (Figure 4-6). During all
seasons, watersheds with higher percentages of impervious area generally had higher
median daily average temperatures. Watersheds with more impervious area generally
had higher diurnal temperature ranges in Ql and Q2, but not Q3 and Q4. Road crossing
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impacts appeared to differ seasonally. Larger percentages of the stream underground
channel did not appear to consistently impact mean daily temperatures or diurnal
temperature ranges in Q2, Q3 or Q4. In Ql, larger percentages of undergrounded
channel did appear to increase diurnal temperature ranges, but did not impact daily
average temperatures.
Figures 4-7 and 4-8 summarize the summer temperatures for 2008 and 2009 by
site and stream. Sites are ordered from upstream to downstream in order to show each
stream's longitudinal temperature evolution. Berry Brook (301-304), Lee 5 Corners
Brook (801-803), Chesley Brook (901-902) and Wednesday Hill Brook (1001-1002)
median temperatures were between 14 and 16°C. In these streams, it was relatively rare
for temperatures to exceed 200C, and they almost never exceeded 22°C. Despite
similarities in median temperatures, diurnal temperature ranges varied. Diurnal
temperature ranges were usually 2°C for Chesley Brook, Wednesday Hill Brook, and Lee
5 Corners' two downstream monitoring locations, 3 0C for Berry Brook, and
approximately 4.5°C for the upstream monitoring location in Lee 5 Corners Brook (801).
College Brook (101-104) and Gerrish Brook (601-603) were warmer with median
temperatures around 17 to 19°C. In these streams, temperatures regularly exceeded 22°C
but always stayed below 25°C. Their diurnal variations were between 2 and 40C. Great
Brook (701-703), Hodgson Brook (201-205) and Reservoir Brook (401-403) had median
temperatures above 18.5°C. Peak temperatures routinely exceeded 25°C. The warmer


































































































































































A linear regression model was developed to predict Q3 2009 median daily
average stream temperatures at each monitoring location using cumulative watershed
properties from Table 2-5 as explanatory variables. The watershed properties were %
impervious area, % stratified drift, % channel underfunded, % type A or B soil, and
watershed area. % Canopy density was excluded because it does not reflect the overall
watershed characteristics upstream of each location, and number of road crossings was
excluded because road crossings are explained in the % of channel undergrounded
variable. Four of the 22 locations monitored during Q3 2009 were excluded from the
regression analysis. Three locations (203, 303, and 901) were excluded because they
were monitored for less than 75% of the days in Q3. One location (801) was excluded
because the pond just upstream of the monitoring location strongly influenced its
temperature.
The best-fit regression relationship is
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G?32009 = 0.1813^ + 0.14307-0.05025 + 14.33 (4-?)
where ??3-2??9 is the median Q3 2009 stream temperature (0C), A is the watershed size
(km2), I is the percent impervious area (%) and S is the percent stratified drift (%).
Notably, % channel undergrounded was not significant at the a = 0.05 level. The model
performed well, with an R2 = 0.938 and an RMSE = 0.4960C. Individually, watershed
size had the highest correlation (R2 = 0.251), followed by impervious area (R2 = 0.186)
and stratified drift (R2 = 0.120). Additionally, just impervious area and stratified drift
explained the temperature variability well with an R2 = 0.860. Table 4-4 lists the
watershed parameter ranges and p-values. Q3 2009 average air temp was 17.9°C.
Table 4-4: Range of watershed variables included in the regression model described by
Equation (4-1).
__________Watershed parameter Minimum Maximum p-value
Stratified Drift (%) 0.0 99.5 O.0001
Impervious Area (%) 5.4 43.7 O.0001
__________Watershed Size (km2) 0.374 9.26 0.0339
Overall, thermal characteristics appear to be a reflection of cumulative watershed
characteristics. Box plots, watershed characteristic plots, and a regression analysis show
that impervious area is an important driver of urban stream temperatures. Impervious
areas increase daily average temperatures and diurnal temperature ranges year round.
Road crossings also appear to impact daily average temperatures and diurnal temperature
ranges, but the direction and magnitude of the impact differs site to site as well as season
to season.
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Matched pair sign tests identified significant temperature changes within a reach
between upstream and downstream monitoring sites. Daily average temperature tests
showed that reaches with large percentages of local impervious areas generally had
significant warming, including College Brook reaches 101-102, 102-103, 103-104, Berry
Brook reaches 302-303, 303-304 and Reservoir Brook reach 401-402 (Table 4-5).
Reaches with high amounts of canopy and low amounts of local impervious area were
generally cooler downstream, including Berry Brook reach 301-302, Reservoir Brook
reach 402-403, Lee 5 Corners reach 802-803 and Chesley Brook reach 901-902. Reach
temperature changes were usually consistent among seasons, except in Berry Brook (301-
302, 302-303, 303-304) and Wednesday Hill Brook (1001-1002, 1002-1003). These
streams both have large areas of stratified drift, and therefore are likely to have
substantial groundwater inputs. Lee 5 Corners Brook (801-802) had the largest seasonal
temperature differences. This is likely due to a large pond just upstream of site 801 . The
stream's median temperature, which was quite warm in the summer and quite cool in the
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Most reaches had similar diurnal temperature ranges upstream and downstream,
with few significant differences (Table 4-6). Diurnal temperature ranges differed
significantly when reaches had long culverts or multiple road crossings, such as College
Brook reaches 101-102 and 103-104, Berry Brook reach 302-303, and Lee 5 Corners
reach 801-802. Road crossings appeared to increase diurnal ranges occur in colder
periods (Ql and Q4), and decrease diurnal ranges occur in warmer periods (Q2 and Q3).
Reaches with strong groundwater signals or heavy canopy (301-302, 402-403, 802-803,
1001-1002, 1002-1003) did not have significant changes in diurnal temperature ranges,
with the exception of Chesley Brook reach 901-902 in Q2.
Impervious areas greater than 20% may cause local changes in streams' daily
average and diurnal temperature range (Figure 4-9). Impacts are more evident during
warmer quarters (Q2 and Q3). Q1/Q4 results showed a large variation in daily average
and diurnal temperature range changes versus reach impervious area. Though the results
were scattered, it did appear that impervious areas were associated with larger
temperature changes, both positive and negative. During Q2 and Q3, reaches with higher
percentages of impervious areas were associated with warmer daily average temperatures
and increased diurnal temperature ranges, although reaches with very high
imperviousness did not have larger increases than reaches with moderate amounts of
imperviousness.
During cooler periods, reaches with road crossings have larger temperature
changes than reaches without road crossings (Figure 4 - 9). However, there were both
cooling and wanning impacts. In Q2 and Q3, road crossings were associated with
warming stream temperatures and decreased diurnal temperature ranges.
79
?01 09 AQ409 »Q408 AQ109 AQ409 »Q408
S 0.5
Q2 09 A Q3 09 · Q3 08Q2 09 A Q3 09 ß Q3 08
"-1.5
Figure 4-9: Urban reach characteristics versus daily average temperature by quarter.
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Figure 4-10: Urban reach characteristics versus diurnal temperature range by quarter.
Note log scale used for the culvert length in reach.
AA 2- Stormflow Temperature Analysis
Storms were defined as any rainfall event with at least 1.0 mm of precipitation.
For analysis purposes storms began one hour before precipitation was first recorded and
ended one hour after precipitation was last recorded. Events with three hours or less
between them were considered a continuous storm. 2008 and 2009 storm events are
summarized in Table 4-7.
Table 4-7: Average storm characteristics by quarter. Averages are calculated only using
data collected during storms. Potential surges are the count of all sites in which
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temperature data were recorded during storms. Observed surges are the count of the
identified temperature surges.
Number . Average Average AverageAverage. , of Observed Possible „ B Rainfall Air Lamprey
Rainfall Surges Surges n , , . Intensity Temp FlowEvents ueptn(cm) (mm/hr) (0q (cms)
2008-Q3 28 87 392 2.03 3.83 18.4 12.4
2008-Q4 21 47 245 1.54 1.26 6.5 15.7
2009-Q1 19 11 259 1.28 1.14 -1.2 12.5
2009-Q2 22 70 404 1.50 1.41 11.6 13.0
2009-Q3 23 200 487 1.50 2.70 17.8 9.3
2009-Q4 20 41 384 1.70 1.58 6.9 8.5
For each storm during the study period, temperature surges in each individual
stream were identified following a process similar to Nelson and Palmer (2007). They
defined a temperature surge as a temperature gradient of 2°C or greater over 30 min
(0.0666°C/min) during a precipitation event. Surges were calculated as the maximum
temperature recorded during the storm minus the pre-surge temperature. They considered
any event with a peak gradient below that threshold to have no surge, regardless of the
magnitude of the total temperature change during the storm. Monitoring at 16 sites from
May to September of 2002 and 2004, they identified 37 temperature surges, with an
average temperature increase of 3.7°C.
A visual analysis of our study's data showed that temperature surges were
occurring with lower temperature gradients than those identified by Nelson and Palmer
(2007). Temperature surges were evident when temperature gradients exceeded
0.0333°C/min, or a 0.50C increase over 15 min. These gradients differ from baseflow
periods temperature gradients, which were normally between 0.005°C/min and
0.010°C/min and rarely approached 0.015°C/min. A temperature gradient which
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exceeded 0.0333°C/min was used to identify surges. The magnitude of the surge was
calculated as the maximum storm temperature minus the stream's temperature one hour
before the storm began.
The percentages of storms with a minimum temperature increase of 0.50C and a
peak temperature gradient of 0.0333°C/min or greater were calculated by site (Table 4-8)
and summarized by quarter (Table 4-7). The warmer periods had more temperature
surges than colder periods. This was likely due to a large differential between
summertime air and water temperatures. The percentages of sites having a surge differed
by storm and ranged from 0 to 90.5%. In Q3 09, some sites had temperature surges for
less than 25% of storms (801, 802, 803, 901, 902, 1001, 1002, 1003), while others had
surges for more than 75% of storms (102, 301, 303).
Storms with a higher average rainfall intensity and air temperature were generally
associated with higher percentages of storm surges (Figures 4-1 1 and 4-12). Yet, there
were several storms with a high average rainfall intensity and/or high average air
temperature that had no temperature surges. The relationship between the percentage of
sites with a storm surge and storm characteristics from Table 4-7 was quantified for the
2009 period. Storms with less than 18 of the 22 monitoring sites monitored during the
storm were excluded from the analysis. Significant, positive correlations were found for
7 7average rainfall intensity (R =0.40), average air temperature during the storm (R =0.40),
and the solar radiation at the storm beginning (R2=0. 14). A negative correlation was
found with flows in the Lamprey River, a nearby USGS monitored 6th order stream
(R2=0.03). A model based on those four parameters predicted the percentage of sites
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Figure 4-1 1 : Percentage of monitored sites with a storm surge versus average air
temperature during the storm for Q2 and Q3 2009. Each point represents one storm.
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Figure 4-12: Percentage of monitored sites with a storm surge versus average rainfall
intensity during the storm for Q2 and Q3 2009. Each point represents one storm.
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Overall, storms with higher percentages of temperature surges typically had
higher air temperatures, rainfall intensities, and initial solar radiation, such as afternoon
thundershowers. In addition, the regression analysis suggests that temperature surges are
more likely under low flow conditions. Clearly climate conditions impact temperature
surge occurrences.
Table 4-8: Percentage of monitored storms with a temperature gradient greater than or
equalto0.5°C/15min.
_.t Q3 Q4 ?nn„ Ql Q2 Q3 Q4 2008 2009Slte 2008 2008 20°8 2009 2009 2009 2009 2°°9 2°°8 2°ü9
101 57.1 52.6 41.3 0.0 37.5 73.9 45.0 42.1 41.7
102 72.7 70.0 71.4 26.3 63.6 82.6 44.4 56.1 61.3
103 52.9 29.4 41.2 0.0 9.1 52.2 10.0 19.0 25.4
104 50.0 23.8 32.1 5.3 50.0 65.2 36.8 41.0 36.0
201 0.0 9.5 4.2 0.0 0.0 26.1 0.0 9.0 7.0
202 14.8 9.1 13.2 0.0 14.3 - - 4.2 9.7
203 7.4 4.8 6.3 ?.0 4.5 31.6 16.7 13.3 10.2
205 31.3 0.0 16.7 16.7
301 - - - 16.7 38.1 86.4 33.3 47.9 47.9
302 - - ¦ - 8.3 9.1 59.1 0.0 21.6 21.6
303 - - - 0.0 12.5 100.0* 0.0 17.0 17.0
304 - - - 8.3 6.7 68.2 0.0 25.8 25.8
401 40.7 33.3 39.4 0.0 31.8 56.5 5.0 27.3 30.9
402 14.8 16.7 15.2 8.3 45.5 60.9 5.0 33.8 28.2
403 40.7 33.3 39.4 0.0 13.6 47.8 10.0 20.8 26.4
601 0.0 0.0 0.0 - - - - - 0.0
603 0.0 0.0 0.0 - - - - - 0.0
701 0.0 0.0 0.0 - - - - - 0.0
702 0.0 16.7 3.0 - - - - 3.0
703 0.0 0.0 0.0 - - - - - 0.0
801 - - - 6.3 8.7 15.0 10.2 10.2
802 - - - - 0.0 17.4 0.0 7.1 7.1
803 - - - 12.5 17.4 0.0 9.8 9.8
901 - - - - 0.0 0.0* 0.0 0.0 0.0
902 - - - 0.0 8.7 0.0 3.4 3.4
1001 - 0.0 0.0 0.0 0.0 4.3 0.0 1.2 1.0
1002 - 5.3 5.3 0.0 0.0 13.0 5.0 5.3 5.3
1003 - 10.5 10.5 0.0 0.0 17.4 0.0 4.8 5J^
temperature data was collected during less than 75% of the storms at these sites
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Quarterly mean storm surge gradients and magnitudes differed by site (Table 4-9).
Average summer storm surge magnitudes ranged from 0.2 to 2.70C, with an average
across all sites of 1.32°C. Average temperature gradients were between 0.12
andl.65°C/15 min. When calculated with the surge criteria in Nelson and Palmer (2007),
the average temperature surge was 2.9°C, with a maximum of 5.4°C. In general, surge
magnitudes and gradients were greater in the summer than the winter.
When compared to watershed characteristics, larger temperature surges, gradients,
and the percentage of storms with a temperature surge were associated with higher
impervious areas (Figure 4-13). Streams that traveled through higher percentages of road
crossings also had larger surges.
For Q3 2009, mean temperature surges appear to be strongly related to
urbanization (Figure 4-14). Using the watershed characteristics (Table 2-5) as
explanatory variables, strong correlations were found between temperature surges and %
stream undergrounded (R =0.70), and moderate correlations with watershed area
9 9
(R =0.31), and % impervious area (R =0.18). A model based on those three parameters
predicted the mean temperature surge with an R =0.85. Hodgson Brook was more than
three times larger than other streams monitored during Q3 2009, and its larger flows may
have reduced the potential impact of temperature surges. If Hodgson Brook is exempted
from the correlations, correlations with % stream undergrounded (R2=0.81) and %
impervious area (R =0.58) improved, while the correlation weakened with watershed area
9 9
(R =0.12). A combined model with all three parameters had an R =0.81 .
Matched pair sign tests were used to test for significant changes between
upstream and downstream monitoring sites' peak storm surge (Table 4-10). Because
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many sites did not have enough non-zero surges to yield statistically significant results,
temperature gradients were compared instead of surge magnitudes. There were only four
reaches that had significant temperature gradient increases, and never more than one
significant increase per quarter. More sites had decreased temperature surge gradients,
some of which were consistent across quarters. This indicates that temperature surges are
generally dampened in reaches. No evidence was found for a systematic impact on
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Figure 4-13: Overall watershed urban characteristics versus mean storm surge
magnitudes, gradients, and % of storms with a temperature surge.
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Surge (=C) = 0.574 +· 0.035 * Impervious Area (%'i
RSquare 0.583





urge (2C) = 0.685 +¦ 0.0312 * % Stream under Crossine
RSquare 0.807
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Surge (1C) = 1.445 - 0.357 * LogfWatershed Area [krn.2])
? RSquare 0.121
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Figure 4-14: Watershed characteristics versus Q3 2009 mean storm surge magnitude. R
for impervious area, %stream under crossing, and watershed area are 0.18, 0.70,
and 0.31, respectively. If the circled Hodgson Brook data are excluded, the R are
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4.2 - Hodgson Brook Intensive Field Campaign
The Hodgson Brook intensive field campaign (IFC) was conducted to investigate
thermal impacts on a high spatial and temporal resolution, with a particular emphasis on
storm temperature changes. The study was conducted during the warmest part of the year
as it was expected this was when storm effects would be greatest. The IFC was broken
into two data collection periods. Period 1 was from 7/15/09 through 8/13/09 (30 days),
and period 2 was from 8/18/09 through 9/3/09 (16 days). Instrument overheating resulted
in data loss from 8/14/09 through 8/17/09. Weather data were collected at 15-minute
sample intervals throughout both periods at a site within 2 km of the study reach. Stream
temperature data were collected at approximately 1 m intervals roughly every 1 min.
The average air temperature was 20.90C for period 1, and 20.60C for period 2.
There was 15.2 cm of precipitation during period 1, and 7.8 cm of precipitation during
period 2. The average relative humidity was 79.1% in period 1 , and 76.8% in period 2.
Hodgson Brook flows ranged from 0.018 to 18.663 cms in Period 1 and 0.001 to
1.81 cms in Period 2. The average flow during period 1 was 0.322 cms. The average
flow during period 2 was 0.109 cms. Storms caused rapid flow increases followed by a








7/15/09 7/22/09 7/29/09 8/5/09 8/12/09 8/19/09 8/26/09 9/2/09
Date/Time
Figure 4-16: Hodgson Brook stream flows at 655 m FO DTS from 7/15/09 to 9/4/09.
Numbers signify Hodgon Brook storm numbers.
4.2.1 - Baseflow
Average stream temperatures were between 19.5 and 21 0C throughout the study
reach in periods 1 and 2 (Figure 4-17), with period 2 being slightly warmer. Period 2 had
greater temporal variability (1 .50C greater) than period 1 . Period 2's greater variability
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Figure 4-17: Hodgson Brook IFC temporal average (solid) and standard deviation
(dashed) temperature profile. To remove signal noise, plotted values are a 3m moving
average window. Period 1 was from 7/15/09 to 8/13/09. Period 2 was from 8/18/09 to
9/3/09.
Temperatures along the study reach were very consistent, varying less than one
degree from the beginning to the end of the reach. At the reach's beginning, there
appeared to be a small temperature increase (0.50C) inside of the 25 m culvert below
Route 1. The stream cooled over the next 100 m. There was a 0.100C temperature
decrease at 785-790 m FO DTS, coinciding with a riffle head and following deep pool.
There may be a small groundwater seep or hyporheic exchange at this location. A time
series plot shows that the cooling is consistent during a 3 day period in mid-July (Figure
4-18). Temperatures then gradually cooled for another 150 m. At 890 m FO DTS,
temperatures gradually increased until the end of the study reach except for two small
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cool spots, even though the canopy density was increasing. The first cool spot between
921 to 926 m FO DTS was directly underneath the Cate St. road crossing. The second
cool spot between 943 and 950 m FO DTS was in the middle of the riffle that began
under the Cate St. road crossing. It is possible these are groundwater seeps, as the drops
are larger in period 2 when the stream flows were lower.










650 700 750 800 850
LIOS Station, m
Figure 4-18: Spatiotemporal plot of Hodgson Brook temperatures from Julian day
196 (7/15/09 0:00) to Julian day 199 (7/18/09 0:00). The color bar corresponds to the
stream temperature (0C).
There were four inflow points along the study reach (Table 4-11). The tributary
was the only inflow point that had significant flow during baseflow periods, contributing
about 5% of the stream's flow. The tributary temperatures were close to the main
channel's temperatures during baseflow periods, but differed during the stormflow
periods (Figure 4-19).
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Table 4-1 1 : Hodgson Brook tributary flow measurements by location, in cms. The 8/1/09
measurements were made during a baseflow period, while the 1 0/7/09 measurements
were made during a stormflow period.
Date/Time Main Channel Right



























Figure 4-19: Hodgson main channel (660 m FO DTS) and tributary temperature time
series. 8/8/09 to 8/10/09 is a baseflow period, and there is a storm on 8/1 1/09.
4.2.2 - Stormflow
During the IFC, there were 13 storms that exceeded 1 mm ofprecipitation (Table
4-12, Figure 4-16). Nine were during period 1 , and five were during period 2. Average
98
air temperatures during the storms ranged from 14.3 to 27.60C. Total precipitation
ranged from 1.8 to 58.6 mm. Average precipitation intensities ranged from 1.0 to 35.6
mm/hr. Weather data compared well with the Durham weather data used for the point
analyses, which is included in Appendix B. There were some rainfall events that were
only observed in one location, and some storms had moderate differences in total rainfall
between locations.
Longitudinal temperature changes are evident during storms that are not present
during baseflow periods (e.g., Figures 4-19 and 4-20). The stream's temperature regime
had three distinct responses to the storms, a warm temperature surge, a cold temperature
surge, or no response (Table 4-12). Storms 2, 5, 7, 9, 10 and 1 1 had warm temperature
surges. Storms 1, 6, 8, 12 and 13 had cold temperature surges. Storms 3 and 4 appeared
to cause no or very small (<0.1°C) temperature surges. In addition to rapid temperature
surges, rainfall events also appear to impact temperatures for periods beyond the event;
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Figure 4-20: Hodgson Brook spatiotemporal stream temperature plots for storms 1 to 6.Storm drains are located at 680 m FO DTS. Runoff from parking lot located at 810 m FO
DTS. Rainfall and solar radiation during the storm are also shown.
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Figure 4-21 : Hodgson Brook spatiotemporal stream temperature plots for storms 7
to 13. Storm drains are located at 680 m FO DTS. Runoff from parking lot located at 810
m FO DTS. Rainfall and solar radiation during the storm are also shown.
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For the six storms with elevated temperatures, all of the storms began during
daylight or within an hour of sunset. During storms with a warm temperature surge, there
were distinct local temperature influences at 680 and 810 m FO DTS. 680 m FO DTS
coincided with the end of the route 1 road crossing and two storm drains. A parking lot
drainage point was located on the right bank at 810 m FO DTS. Most storms briefly
cooled before rapidly warming (e.g., storm 10). A range of rainfall intensities and storm
depths were observed. There were several periods of increased rainfall intensity during
storm 5, and each caused a corresponding temperature surge. The warm storm flow
moved downstream quickly, taking approximately 5 minutes to travel from 680 m FO
DTS to the end of the study reach at 975 m FO DTS (1 .0 m/s). There was little
dissipation of the temperature surge as it traveled through the study reach for storms 2
and 1 1 . Localized warming was evident for storms 5, 7, 9 and 10.
Cold temperature surges usually exhibited similar but less distinct transport
downstream than warm surges. While average air temperatures were typically colder
than stream temperatures before the event, storm 6 was much warmer. The two cold
storms that occurred at night were larger events (9 and 58 mm) with no observed solar
radiation. The two cold surge events that occurred during the day were both smaller
events that appeared to be a result of shallow groundwater or interflow inputs rather than
runoff and point sources.
Neither storm 3 or 4 had a temperature response. Storm 3 was a large storm that
may have prolonged cool stream temperatures. Storm 4 was a small storm that may not
have generated any runoff (Figure 4-16). Storm 3 and 4's peak rainfall intensities were
3 1 .5 and 4.1 mm/hr respectively. Both storms began and occurred mainly during periods
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with little solar radiation. While both strorms impacted stream temperatures over the
course of the storm, there was no apparent cold or warm surge in the study reach.
Overall, the FO DTS allowed temperature surge sources and heat transport to be
identified. However, it was difficult to determine which conditions would trigger
observed responses. While most storms' thermal response could be predicted by rainfall
intensity, air temperature, and solar radiation, there were a couple of exceptions. Storm (
exemplified this unpredictability, as even though the air temperature was far above the
stream temperature, there was enough rainfall to generate runoff, and there was solar
radiation during the storm, the storm cooled the stream. This may have been due to
discrepancies between air temperatures and rainfall temperatures, with rainfall
temperatures being colder than air temperatures in the case of storm 6.
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4.3 - Stream Temperature Modeling
4.3.1 - Point Location Modeling
The objective of the point location modeling was to determine the relative
importance of non-advective heat fluxes on reach temperature changes. Q3 2009
temperatures were modeled on an hourly basis for College Brook (101-104), Hodgson
Brook (201-205), Berry Brook (301-304), Reservoir Brook (401-403), Lee 5 Corners
Brook (801-803), Chesley Brook (901-902), and Wednesday Hill Brook (1001-1003).
The model was run on a 1 0 m resolution for all study reaches. The model used each
stream's farthest upstream monitoring point as the upstream boundary condition and
predicted the downstream reach's heat fluxes and temperature at the farthest downstream
monitoring point. When upstream temperatures were not available, an upstream
temperature was estimated but results for that time period were excluded from analysis.
Because the estimated travel time between upstream and downstream locations did not
exceed 45 min (Table 2-6), lag times between sites were not considered to be an issue.
Flows were estimated at each monitoring location by relating watershed size,
using the 15-min measured flows in Hodgson Brook as the base location. Inflows
between upstream and downstream monitoring locations were estimated from the
contributing watershed area. Though there were likely some differences in the timing
and magnitude of streams' réponses, the Hodgson Brook flow data was the best available
estimate for smaller streams' responses. Because the focus of this point monitoring
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modeling was to compare non-advective fluxes, all inflows were assumed to be
tributaries with the same temperature as the farthest upstream monitoring point in the
stream, though it was clear tributary temperatures can vary different from main channel
temperatures (Figure 4-18). This minimized the role of advective fluxes in the modeled
temperatures.
Canopy density was estimated using canopy densiometer measurements at
monitoring locations. Hyporheic exchange was estimated from the average streambed
characteristics and Darcy's law. Based on the average streambed gradient (0.0105 m/m),
an assumed streambed hydraulic conductivity of 100 m/d, an average measured stream
width of 1 m, a 10 m modeling spatial step, and an average stream discharge of 0.024
cms, reaches with sand or gravel beds were estimated to have 0.5% hyporheic exchange.
Reaches with clay or bedrock beds or reaches in culverts were estimated to have no
hyporheic exchange.
Table 4-15 summarizes modeled energy fluxes by reach. Solar radiation was the
largest energy influx for all reaches except for Wednesday Hill Brook (1001-1002, 1002-
1003). Sensible heat was the largest energy influx for Wednesday Hill Brook (1001-1002
and 1002-1003). Evaporation was the largest non-advective negative energy flux for all
reaches except 101-102 and 401-402, where longwave radiation was the largest negative
energy flux. In most reaches, longwave radiation was the second largest negative energy
flux. Bed conduction and sensible heat (air convection) fluxes varied by reach, but
generally had less influence on the total heat flux then the other terms.
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Table 4-13: Q3 2009 average and total non-advective energy fluxes by reach, in W/m2
Reach T0tal S0lar LonSwave Sensible „ ^ed E ationxvcdwi Heat Radiation Radiation Heat Conduction
101-102 -42.9 31.2 -37.7 6.3 -19.9 -22.9
102-103 -37.0 25.6 -20.4 17.7 -18.0 -41.8
103-104 -14.2 48.9 -26.2 18.1 -16.3 -38.7
201-203 16.1 114.9 -46.3 -4.2 7.8 -56.0
203-205 11.2 118.1 -47.5 -5.0 10.6 -65.1
301-302 3.1 45.9 -20.1 20.4 0.9 -44.1
302-303 17.4 70.8 -34.2 15.0 1.2 -35.5
303-304 36.1 99.7 -34.5 16.7 1.9 -47.7
401-402 10.0 77.3 -40.1 0.4 6.8 -34.4
402-403 -15.1 71.2 -34.9 1.6 6.1 -59.0
801-802 -24.0 71.9 -39.6 1.8 -10.5 -47.6
802-803 -51.7 32.4 -30.2 9.4 -6.2 -57.1
901-902 1.0 59.4 -23.4 19.1 -4.1 -50.0
1001-1002 -20.4 7.7 -14.1 10.7 0.6 -25.3
1002-1003 -27.4 11.5 -12.9 22,6 08 -49.3
Longitudinal energy flux profiles were created for College Brook (Figure 4-22),
Reservoir Brook (Figure 4-23) and Lee 5 Corners Brook (Figure 4-24). Solar radiation
was the largest and most variable energy flux, and changes in canopy density are evident
in the longitudinal variation in solar radiation. Bed conduction was generally the least
variable energy flux. Evaporation and longwave radiation fluxes varied as the largest
energy sink. Road crossings are apparent in reaches with no incoming solar radiation
(Figure 4-23). Road crossings also decrease evaporation and sensible heat fluxes. Road
crossings appeared to have no direct impact on longwave radiation, and only impacted































































































Figure 4-24: Lee 5 Corners Brook longitudinal non-advective energy fluxes and modeled
versus observed temperatures.
Modeled stream temperatures were compared to observed stream temperatures in
Table 4-14. Mean average errors (MAE) ranged between 0.22 for (1002) and 3.11 (803),
and mean average errors per 100m (MAE/1 00m) ranged between 0.14 (902) and 1.32
(402). MAEs were generally larger in longer reaches than shorter reaches. MAE/1 00ms
were generally smaller in longer reaches. The model was most accurate for Hodgson
Brook, Reservoir Brook and Wednesday Hill Brook (r2 > 0.89, NSE > 0.88), was
moderately accurate for Berry Brook and Chesley Brook (r2 > 0.75, NSE > 0.25), and
was least accurate for College Brook and Lee 5 Corners Brook (r2 > 0.83, NSE > 0.12).
Urban watershed characters were plotted with model R (Figure 4-25) and RMSEs
(Figure 4-26). There appeared to be no relationship between either % impervious area or
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Figure 4-26: RMSE versus urban watershed characteristics.
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Non-advective heat fluxes explained temperature variations in the three streams
where the model performed well (Hodgson Brook 201-203 and 203-205, Reservoir Brook
401-402 and 402-403, Wednesday Hill Brook 1001-1002 and 1002-1003). Advective
fluxes were likely a relatively small factor in these reaches.
Modeled temperatures were generally greater than observed temperatures in the
streams that were modeled moderately well (Berry Brook, Chesley Brook). Non-
advective fluxes do not fully explain temperature variations in these reaches. These
reaches likely had some cooler groundwater or tributary input, which is supported by the
high amounts of stratified drift in both streams (Table 2-5).
The model performed poorly for Lee 5 Corners Brook and College Brook,
overestimating Lee 5 Corners temperatures and underestimating College Brook
temperatures. There were most likely substantial advective fluxes that were not captured
by the model in these reaches. Observed Lee 5 Corners temperatures were very warm at
the upstream boundary (Obar = 19.00C), and dropped nearly 5°C on average in just over
300 m. Though the model predicted a large temperature drop, it did not fully explain the
temperature changes. This implies there was a large advective (likely groundwater) flux
that entered the stream between monitoring location 801 and 802. Observed College
Brook temperatures were moderate at the upstream boundary (Obar = 16.9°C), and
warmed along every stream reach, but the model predicted cooling along every stream
reach. The model's inability to predict increasing temperatures with non-advective fluxes
suggests there are large advective fluxes responsible for warming the stream.
Overall, it appears that the relative importance of energy fluxes varies greatly
between reaches. Solar radiation was generally the largest non-advective positive energy
112
flux. In three streams, non-advective energy fluxes appeared to explain temperature
variations. In two streams, non-advective energy fluxes explained some temperature
variations, but not all. Advective fluxes were likely the dominant energy fluxes in two
streams, as non-advective energy fluxes explained temperature variations poorly.
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4.3.2 - High Resolution Temperature Modeling
Hodgson Brook temperatures were modeled on a 1 m, 1 min resolution, and
compared with the IFC temperature data. The modeled reach began at 660 m FO DTS
and ended at 975 m FO DTS. No groundwater seeps were modeled. Storm drain and
tributary inflows were estimated from flow relations to measured flows (Table 4-11).
Inflow temperatures were taken from measured temperatures during the IFC. Canopy
densities were estimated from spherical densiometer measurements.
During baseflow periods, the model predicted temperatures well (Figure 4-28).
The model predicted temperatures within 0.50C during baseflow periods. The model
showed no changes in accuracy over time during baseflow, and predicted temperatures
equally well during warm periods and cool periods.
The modeled temperatures showed nearly constant temperatures along the study
reach (Figure 4-29). This contrasted with the observed temperatures, which showed
subtle temperature increases and decreases throughout the study reach. The model was
least accurate from 800 m FO DTS to 900 m FO DTS, where the model predicted slight
increases in temperature but temperature decreases were observed. The model failed to
capture smaller local temperature deviations, such as at 780 FO DTS. Over the study
reach, the model's spatially averaged temperatures were accurate within 0.250C.
Modeled temperatures were more accurate in period 1 than period 2 (Figure 4-30).
During several days in period 2, the model predicted large stream temperature increases
that were not observed (Figure 4-27). This appears to be low flows impacting the model
hydraulics when the flows were below 0.025 cms. When the model was not impacted by
116
low flow errors, it appeared to slightly underestimate maximum (daytime) temperatures,
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Figure 4-27: Hodgson Brook modeled and observed average temperatures and flow for
period 2. Due to model flow routing instabilities, flows below 0.01 1 cms were entered as
0.011 cms.
The modeled energy fluxes over the study reach were averaged for both modeling
periods (Table 4-15). The largest heat source was solar radiation, averaging 88.7 W/m2
for period 1 and 71.1 W/m2 for period 2. The largest heat sink was longwave radiation,
followed closely by evaporation. Sensible heat and bed conduction had relatively small
influences compared to other fluxes. The tributary had a very small overall heat flux,
while the storm drains' fluxes were nearly negligible.
Longitudinal profiles of average energy fluxes for period 1 and 2 are shown in
Figure 4-3 1 and Figure 4-32. The Route 1 culvert impacts on solar radiation and
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evaporation fluxes and stream temperature is evident. Changes in canopy density and
topographic shading clearly influenced temperatures. Longwave radiation was greater
and more variable in the beginning of the reach, but remained fairly consistent after 750
m FO DTS. The Cate St. bridge decreased solar radiation near the end of the study
reach.
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Figure 4-31: Hodgson Brook IFC period 1 longitudinal energy fluxes and modeled and
observed water temperatures.


























Figure 4-32: Hodgson Brook IFC period 2 longitudinal energy fluxes and modeled and
observed water temperatures.
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Table 4-15: Hodgson Brook IFC average heat fluxes. Advective heat sources (Tributary,
RSDl, LSDl, RSD2) are estimated from average flows and temperatures relative to main
channel temperatures.
Period 1 Average Period 2 Average
Heat Source/Sink Flux (W/m2) Flux (W/m2)
Solar Radiation 88.7 71.1
Longwave Radiation -47.1 -38.0
Sensible Heat 5.4 0.8
Bed Conduction -2.6 -0.1
Evaporation -33.4 -34.9
Tributary -1.5 -1-4
Right Storm Drain 1 (RSDl) -1.0 -0.7
Left Storm Drain 1 (LSDl) -0.1 -0.0
Right Storm Drain 2 (RSD2) -0. 1 -0. 1
Total 8.4 -2?_
Spatiotemporal enthalpograms were used to compare modeled and observed
storm temperatures (Figure 4-33, Figure 4-34, Figure 4-35). The model predicted
temperature surge locations and times, but underestimated the magnitude even in storms
with a distinct observed surge (Figure 4-33). Modeled surges traveled downstream
slower than observed surges. In storm 7, the observed surge traveled through the study
reach in less than 5 min, while the modeled surge took approximately 20 min.
There were two notable differences between the modeled and observed
temperature surges. In all of the storms with warm surges, the model overestimated
thermal dispersion rates, which resulted in underestimating the magnitude of the surge
downstream of temperature impacts (Figure 4-34). In the observed temperatures, there
appeared to be very little dispersion as the heat traveled through the stream, possibly due
to the channelization and lack of sinuosity of the stream, along with the channel's
trapezoidal shape. The largest temperature differences were at locations where
unmodeled nonpoint runoff entered the stream (800 m FO DTS). A small surge was
122
identified downstream of RSDl and LSDl at 700 m FO DTS (Figure 4-33), but there
were no modeled temperature surges near 800 m FO DTS where the nonpoint parking lot
runoff entered the stream.
In addition to the storm surges, there appeared to be a gradual cooling in the
stream downstream of 800 m FO DTS that was more noticeable (Figure 4-35). This
cooling was not predicted by the model, and suggests there maybe diffuse shallow
groundwater pathways or interflow entering the stream in the lower parts of the study
reach. This cooling source does not appear to buffer thermal surges in the stream during
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4.3.3 - Sensitivity Analysis
The model's sensitivity to stream channel width, canopy density, the % of
undergrounded stream, and % hyporheic exchange was analyzed for Wednesday Hill
Brook and Reservoir Brook. Channel width was varied between -75 to 100% of the
initial modeled channel width. Canopy density varied between densities of 5, 15, and
25% above and below the initial modeled canopy density. % of undergrounded stream
was analyzed by modeling the study reach as between 0 and 100% underground.
Hyporheic exchange was varied between 0, 0.25, 0.5, 1, 3, and 5% of the total channel
flow per 10m.
Reservoir Brook was more sensitive to changes in % channel undergrounded than
Wednesday Hill Brook. On average, a 25% change in undergrounded channel caused a
0.080C cooling in Reservoir Brook, but only a 0.02°C change in Wednesday Hill Brook.
This is likely because WHB' s heavier canopy already blocked out most of the solar
radiation, resulting in a smaller solar radiation decrease for the same % underground as
compared to Reservoir Brook.
Temperature was sensitive to all changes except % underground in WHB (Figure
4-36). Non linear changes occurred with changes in % channel undergrounded.
Increases in canopy density had an asymptotic response, likely due to the upper bound of
100% for the relatively heavily forested reaches. Temperature changes due to channel
width were similar between Wednesday Hill Brook and Reservoir Brook, with a 0.20C
per 100 m warming when the channel width doubled. Canopy density response was also
similar for Wednesday Hill Brook and Reservoir Brook, with 25% density changes
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resulting in a 0.10C per 100 m change. In both streams, hyporheic exchange was
relatively less sensitive than the other characteristics. In WHB, a change from 0.5% to
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Chapter 5 - Discussion
Though stream temperature has been increasingly studied in the past 10 years,
little research has been conducted on temperature effects of urbanization. Baseflow
stream temperature influences were studied in natural settings by several researchers
(Sinokrat and Stefan 1993, Chu et al. 2008, Flint and Flint 2008). In addition, several
models were used to predict urbanization impacts during low flow conditions (LeBlanc et
al. 1997, Krause et al. 2004), primarily during the summertime. Land cover impacts on
stream temperature have been reported (Wang et al. 2003, Wehrly et al. 2006, Nelson and
Palmer 2007), but none have focused on road crossings and impervious area. Though
many studies have looked at specific situations and impacts through modeling or data
collection, none have looked at year-round urbanization consequences for both baseflow
and stormflow at the same sites. Therefore, this study's unique contribution is its focus
on road crossings' and impervious area's composite and stormflow impacts on urban
wadeable streams' temperature seasonally and annually.
5.1 - Experimental Results Discussion
5.1.1- Summary of Study Hypotheses
This study sought to test several hypotheses. First, it was hypothesized that road
crossings would a) increase diurnal temperature ranges; b) not change mean
temperatures; and c) not change storm temperature surges. Secondly, it was hypothesized
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that impervious areas would a) increase diurnal temperature ranges; b) increase mean
temperatures; and c) increase storm temperature surges. In the study's original
hypotheses, seasonality was not explicitly mentioned. Because preliminary analyses
showed strong seasonality, the hypotheses were addressed on a seasonal basis.
Overall, diurnal temperature ranges varied greatly among streams, regardless of
road crossings. In the wintertime, diurnal temperature ranges increased within reaches
with road crossings. In the summertime, most reaches with road crossings showed a
modest decrease in diurnal temperature range or no change at all. While there appeared
to be slightly greater diurnal temperature ranges at locations with higher percentages of
road crossings, no conclusive pattern was found. This was likely due to the wide range of
road crossing length, shape and frequencies, along with the distance upstream between
the impact and the monitoring location. In summary, road crossings' diurnal temperature
range impact is unclear, but they in general do not impact diurnal temperature ranges,
which refutes the original hypothesis.
It was hypothesized that road crossings would not impact daily average
temperatures. Cumulative watershed results and the regression analysis showed there
was little connection between daily average stream temperatures and road crossings.
Reaches with longer lengths of road crossings did warm the stream water, but the cross
correlation between road crossings and impervious areas (R = 0.54) make it difficult to
indicate a causative relationship. Sign test results were also inconclusive. The Hodgson
Brook IFC showed little stream temperature impact from either road crossing. While
there is some evidence that road crossings increase daily average temperatures, the
majority of the results are inconclusive, and support the original hypothesis.
131
Road crossings were not hypothesized to impact storm temperature surges, yet
there was a strong association between temperature surges and road crossings. The
correlation between Q3 2009 mean storm surge magnitude and % stream channel
undergrounded was high (R2 = 0.81). Watershed characteristics plots confirmed this
strong relationship. Reach comparisons showed that reaches with short road crossings
generally had decreasing temperature gradients, while reaches with longer road crossings
generally had increasing temperature gradients. While few temperature gradient changes
were significant, there is evidence that both short and long road crossings impact storm
surge gradients. The Hodgson Brook results showed a large thermal impact just
downstream of the first road crossing during most storms. Therefore, the hypothesis that
road crossings would not impact storm temperature surges appears to be incorrect.
Impervious areas were expected to increase diurnal temperature ranges. Based on
cumulative watershed plots, sites with higher impervious areas generally had increased
diurnal temperature ranges in quarters 1 and 2, but no trend in quarters 3 and 4. Diurnal
temperature ranges generally increased within a reach if a reach's impervious area was
greater than 30%, and decreased if it was below 30% during the winter. In the summer,
reaches with less than 30% imperviousness generally had only diurnal temperature range
decreases, while reaches with greater than 30%) imperviousness had some increases and
some decreases. This indicates that there may be other factors that have greater diurnal
temperature range impacts than impervious area, such as canopy density. These changes
results were frequently when impervious area was high. The hypothesis that impervious
areas would increase diurnal temperature ranges is reasonable for colder seasons, but not
for warmer seasons.
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Impervious areas were hypothesized to increase daily average stream
temperatures. Watershed comparisons showed that daily mean temperatures typically
increase as watershed impervious area increases for all seasons. The regression analysis
found impervious areas caused a significant increase in Q3 daily average temperatures,
with a 10% increase in impervious area causing a median daily average temperature
increase of 1.40C. In Q2 and Q3, reaches with greater than 30% impervious area
generally had temperature increases, while reaches with less than 30% impervious area
generally had temperature decreases. Sign test results support this finding. Ql and Q4
showed no reach warming with increasing impervious area. Year round, increased
impervious area generally had significant temperature increases, while reaches with less
impervious area had significant temperature decreases. The hypothesis that impervious
areas would increase daily mean temperatures appears to be correct for Q2 and Q3, but is
less conclusive for Ql and Q4.
Finally, impervious areas were hypothesized to increase storm surges. Watershed
characteristic plots had considerable scatter, but showed that monitoring locations with
over 10% impervious area experienced greater temperature surges. Impervious area was
positively correlated to both storm surge magnitude and frequency. Reach comparisons
were inconclusive, showing no consistent temperature gradient changes. Sign test results
had few significant gradient increases or decreases within reaches. The Hodgson Brook
IFC showed that there were large temperature spikes coincident with impervious area
runoff, but only for daytime storms with intense periods of rainfall. Overall, impervious
area impacts during storms differ by analysis method. Therefore, this hypothesis cannot
be definitively answered.
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5. 1 .2 - Comparison to Previous Studies
Several studies have compared physical factors to stream temperatures. Wehrly et
al. (2006) developed a regression model based on mean July water temperatures at 282
study sites throughout Wisconsin. They tested the significance of climate,
hydrogeologic, geographic and land use characteristics, as well as urban area as
explanatory variables. They found that groundwater, stream gradient, monthly air
temperature, lentie (water) cover, watershed size, and agricultural cover were significant
factors. Urban area was not a significant impact. Our study also found that watershed
size and coarse geology (% stratified drift in this study) were significant factors in
predicting seasonal average temperatures, and in addition found impervious area was
significant. Nelson and Palmer (2007) used an existing empirical stream temperature
model to characterize summer and autumn temperature differences among stream
monitoring sites in 0.8 to 23.8 km2 watersheds. They found that % deforestation and
watershed size were the best predictors of daily average temperature variations among
watersheds. Their model performed well for autumn data (r2 = 0.88), but explained less
variability in the summer (r2 = 0.36). Our results agree that watershed size is a significant
factor. In addition, it is likely that their % deforestation metric was correlated to %
imperviousness.
The impact of urbanization on stream temperatures during storms is less well
understood. When Herb et al. (2009) modeled runoff temperatures from asphalt parking
lots, they concluded that climate parameters were an important driver of storm runoff
temperatures. In a previous study, Herb et al. (2008) found that 91% of asphalt runoff
temperature variation was explained by three climate parameters (dew point temperature,
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air temperature, solar radiation). This agrees with my study findings that increasing air
temperature increases the likelihood of a temperature surge. In addition, the Hodgson
Brook IFC results show the close relationship between solar radiation and temperature
surges. However, while my study found that rainfall intensity influenced temperature
surges in point monitoring locations and the Hodgson Brook IFC, Herb et al. (2008)
found no relationship. The difference may result because they only measured parking lot
runoff temperatures, and my study measured stream temperatures. For three alpine
streams between July and September, Brown and Hannah (2007) also found that larger
temperature changes occurred when peak rainfall intensities exceeded 40 mm/hr, though
their temperature changes were almost always negative. For streams, it is both the
thermal loading (volume and temperature of stormwater), as well as the stream's initial
conditions (flow and background temperatures) that determine the stream water
temperature changes.
In urban Maryland streams, Nelson and Palmer (2007) found that watershed
characteristics along with average stream flow could be used to predict the frequency of
temperature surges, but not storm surge magnitude. They predicted the temperature surge
frequency using % deforestation in a stream's 50 m buffer, average stream discharge, and
the interaction between the two factors (R2 = 0.65). My results support their finding of
discharge's importance via watershed area. Furthermore, my study did find a relationship
with storm surge magnitude to % impervious area, % stream undergrounded, and
watershed area.
This study's temperature surges were smaller than those observed by Nelson and
Palmer (2007). Their average and maximum temperatures surges of 3.70C and 7.40C,
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respectively, were approximately 25% greater than our average (2.9°C) and maximum
(5.4°C) for the same surge criteria. Because their study's impervious area range (1-58%)
was similar to this study's (4 - 44%), the difference is likely due to NH' s cooler summer,
which includes lower amounts of solar radiation and cooler air temperatures.
FO DTS has been used to identify local stream temperature changes (Selker et al.
2006a), groundwater influences (Truslow 2009), and estimate energy budgets (Westhoff
et al. 2007). Yet no study has used FO DTS to examine the rapid temperature changes in
urban streams and their relationship to point and nonpoint sources. The IFC identified
substantial temperature impacts from a point source and nonpoint source during certain
precipitation events. Temperature surges depended on the weather conditions preceding
and during the storm. Strong solar radiation heating and intense precipitation caused the
largest storm surge effects. The IFC also showed that storms with intense periods of
precipitation but no recent solar radiation tended to cause negative temperature surges, or
pulses of colder water traveling through the stream.
Thought it was not addressed in this study's hypothesis, an important point to
consider is the relative importance of overall watershed loading versus specific effects
within a reach. There is likely a declining response gradient to reach thermal loadings
that corresponds to increasing flow and energy upstream of the study location. This may
explain why warmer streams such as Hodgson Brook and Great Brook tended to show
few thermal impacts even though they traveled through heavily urbanized areas, while
streams like Wednesday Hill Brook showed little temperature decreases though they
traveled through forested reaches. The results of this and future FO DTS deployments
may help to explain this relationship further. This relationship may help understand why
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cooler streams may have a different thermal reaction than otherwise similar warmer
streams.
5.2 - Modeling Discussion
5.2.1 - Baseflow Modeling
This study hypothesized that solar radiation was the dominant temperature driver
in small streams, even those with heavy canopy cover. The energy budgets from the
point location temperature models indicated that solar radiation was the largest non-
advective heat influx in 13 of the 15 study streams, even in reaches with large amounts of
culverts and road crossings (Table 4-13). Sensible heat was the largest energy source in
both Wednesday Hill Brook reaches (1001-1002, 1002-1003). Wednesday Hill Brook
was one of the coldest streams on average during Q3 2009 (Table 4-2), and had one of
the denser canopies (Table 2-5). Modeled temperatures in Wednesday Hill Brook were
very accurate (Table 4-14), meaning the modeled energy budget is likely also accurate.
The Wednesday Hill Brook energy budget refutes the hypothesis that solar radiation is
the dominant energy source even in streams with a heavy canopy.
Though solar radiation was not the largest non-advective energy source in every
modeled reach, it was the largest energy source in the vast majority of reaches. Solar
radiation was the largest energy source by over an order of magnitude in three reaches
(401-402, 402-403, 801-802) and was the only non-advective energy source in two
reaches (201-203, 203-205). In most urban reaches, canopy cover is not as dense as in
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Wednesday Hill Brook, therefore solar radiation is more important in urban streams. In
addition, the sensitivity analysis showed that stream temperatures were moderately
sensitive to changes in canopy density. The primary canopy affect is its control of solar
radiation reaching the stream.
An important point that should be taken from modeling energy budgets is the
potential influence of advective heat sources. Advective heat sources may impact
temperatures quicker than non-advective sources, especially in smaller streams (Loheide
and Gorelick 2006, Westhoffet al. 2007). In small streams or under low flow conditions,
advective fluxes have a greater relative importance. Quantifying advective fluxes in
urban streams have additional challenges, as the boundaries of an urban watershed are
often difficult to delineate. Point monitoring models showed that excluding advective
energy fluxes may introduce a large errors, proving their influence in main channel water
temperatures.
Energy fluxes in culverts were substantially different than fluxes in open
channels. Inside culverts, a stream is nearly completely cut off from sunlight. The
stream is often disconnected from the stream bed in culverts. This eliminates the bed's
ability to buffer temperatures in reaches with hyporheic exchange, and disconnects the
stream from groundwater sources. Bed conduction may be changed in addition, as
culverts likely have different heat capacity and conduction coefficients. During the
summer, temperatures declined in every modeled culvert. The sensitivity analysis
showed significant temperature decreases when a stream that received moderate solar
radiation amounts was modeled with increasing proportions undergrounded stream
channel.
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The modeled energy fluxes (solar radiation, longwave radiation, bed conduction,
evaporation, and air conduction) in culverts help to explain why road crossings did not
appear to increase experimental diurnal temperature ranges. Though the buffering effects
of hyporheic exchange and groundwater flow is eliminated in culverts and evaporation
fluxes are reduced, the largest driver of diurnal variations, solar radiation, is also limited.
Thus, the road crossings' thermal impacts depend on the relative importance of the four
fluxes in the remainder of the stream.
Though impervious areas did not directly impact baseflow stream temperatures,
they indirectly impacted streams' energy fluxes. Impervious areas other than road
crossings replace what otherwise could be dense, forested canopy. Reaches with high
amounts of impervious area close to the stream, such as Lee 5 Corners reach 801-802,
have high amounts of average solar radiation when not under road crossings (Figure
4-24).
5.2.2 - Stormflow Temperature Modeling
Stormfiow temperature modeling was limited to the Hodgson Brook IFC.
Modeled storm temperatures were less accurate for storms with temperature surges than
for storms without temperature surges. The model often severely underpredicted or
completely failed to capture the rapid changes in temperature experienced after intense
periods of precipitation. This likely means that although the model can reasonably
estimate the non-advective energy fluxes that control Hodgson Brook temperatures
during baseflow periods, there are substantial advective energy fluxes occurring during
storms that are not captured by the model, even with the inclusion of the tributary and
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three storm drains. This was particularly apparent from the differences between modeled
and observed temperatures, such as those found near 800 m FO DTS.
5.2.3 - Comparison to Previous Studies
Natural stream temperatures and energy fluxes have been modeled during
baseflow periods (Johnson 2004, Loheide and Gorelick 2006, Westhoffet al. 2007,
Truslow 2009). Roa-Espinosa et al. (2003) is one of the few studies to have modeled
storm event temperatures. Dominant baseflow temperature influences vary by study and
include solar radiation, groundwater, and hyporheic exchange.
Westhoffet al. (2007) modeled groundwater influences in a first order stream
using FO DTS measurements over a 1500 m reach. They found that solar radiation was
the dominant temperature driver on a daily scale, and that groundwater noticeably
impacted temperatures at four points along the reach. This agrees with my study's
assessment that solar radiation is generally the dominant stream temperature driver, but
that groundwater can cause large temperature changes in smaller streams, depending on
the groundwater contribution relative to the stream. Their model had an RMSE of
1 .01 0C, while my study RMSE values ranged from 0.64 to 2.25°C. They did not look at
temperature models during runoff periods.
Johnson (2004) modeled stream temperatures for a mountainous first-order stream
using a deterministic heat budget approach. At noontime during a mid-July day on an
unshaded stream reach, she found that solar radiation was the largest energy influx (800
W/m2). Air convection (sensible heat) was the second largest energy influx (18 W/m ).
Evaporation (-90 W/m2), net longwave radiation (-90 W/m2), and bed conduction (-33
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W/m2) were the largest negative energy fluxes. For a fully shaded reach under the same
conditions, solar radiation was reduced to 4 W/m2, while the other parameters remained
approximately the same. Air convection was the other positive energy influx (20 W/m ).
While net longwave radiation remained the same, evaporation and bed conduction were
reduced to -59 W/m2 and -24 W/m2. The modeled fluxes for Johnson's full sun and full
shade experiment compare favorably with Hodgson fluxes at a location with low canopy
and in the Route 1 culvert (Table 5-1).
Table 5-1 : Comparison of Hodgson Brook to Johnson (2004) modeled instantaneous mid-
day non-advective fluxes in W/m .
Energy H°dgS°? °PT „ ?^?,? Johnson (2004) Johnson (2004)Fluf Channel (680- Culvert (660- ¿un Full shade* 1UX 690 m FO DTS) 670 m FO DTS)
807 0.0 795 4Solar
Radiation
Net






Evaporation -92 -49 -90 -59
Total Flux 706 -7 580 -149
30 17 18 20
-2 -1 -33 -24
Loheide and Gorelick (2006) modeled stream temperatures over a 1 .7 km reach
using Heat Source 7.0. They studied groundwater and hyporheic thermal influences on
stream temperatures. They reported a root mean square residual (RMSR) of 1.1 K when
the model included groundwater and hyporheic exchange, and a RMSR of 3.2 K when
they excluded groundwater and hyporheic exchange. My study estimated temperatures
within that range, and also found that advective fluxes can have substantial impacts on
stream temperatures.
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Truslow (2009) modeled energy fluxes in Wednesday Hill Brook during a
baseflow period in August 2008. She found net radiation was the largest energy source in
all 5 modeled reaches. Solar radiation and longwave radiation were not measured
separately. In two of the reaches, hyporheic exchange was the largest energy sink, while
groundwater was the largest energy sink in the other three reaches. This partially
disagrees with my study, which showed that bed conduction (which included hyporheic
exchange) was generally a small portion of heat fluxes. However, the WHB reach
monitored in my study was upstream of the WHB reach studied by Truslow.
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Chapter 6 - Conclusions
This study's experimental results show that road crossings and impervious areas
can have substantial stream temperature impacts during a range of seasons and
conditions. Impervious areas have a strong link to increased daily average temperatures.
Road crossings are associated with more frequent and stronger temperature surges during
storms. Q3 2009 average temperatures were predicted reasonably well based on just a
stream's watershed size, % stratified drift and % impervious area. The point monitoring
stream results were supported by the Hodgson Brook IFC analyses.
The study's modeling results show small streams temperatures maybe controlled
by either advective or non-advective energy fluxes. Solar radiation was generally the
largest non-advective positive energy flux. Tributary and groundwater energy fluxes
appeared to overshadow non-advective fluxes in some streams. Culverts' modeled
energy fluxes generally supported experimental results.
Looking forward, many potential future study paths have been opened, and while
many research questions have been answered, many new ones have arisen. It is possible
that factors such as the type of road crossing (e.g. box culvert, circular culvert, arch
culvert, bridge, etc.), the proximity of an impervious area to a stream, or the existence of
a storm drain network may prove to be important thermal influences.
One potential future area of study is expanding on the experimental results of this
study. Though this research has explored many previously unknown or unverified
relationships between urban characteristics and stream temperature, there is a need for
more temperature data to further validate the findings of this study. By including more
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streams, a wider range of urbanization, and potentially more years, the conclusions drawn
from this research can be strengthened. Temperature and stream phenomena can be
studied using both point measurements and FO DTS measurements. Of the sites in this
study, Berry Brook and College Brook provided particularly interesting results and could
merit further more detailed investigation. Berry Brook was interesting because of the
apparently large amounts of groundwater influx that keep the stream cold even as it flows
through heavily urbanized areas. College Brook Was interesting because it flowed
through a similarly urbanized area as Berry Brook, yet it was experiencing large
temperature increases as it flowed through the urban area. Both appeared to have
moderate to large amounts of advective fluxes that substantially changed the stream's
temperature and made modeling difficult.
Another potential line of research is pursuing the causative relationship between
impervious areas, culverts, and increased baseflow temperatures. While this study
showed a clear correlation between the two, neither the experimental nor modeling
results showed why this relationship existed. Is it simply a link between impervious area
and reduced canopy density, or between impervious area and reduced groundwater? In
addition, there was a strong link established between undergrounded streams and storm
surges, but the reasons behind this are currently unknown. Is it because the reduced
hyporheic and lateral storage cause faster heat transport, or are there other mechanisms in
place that are currently misunderstood?
Finally, this study found that the models currently in existence are not ideal for
modeling small stream temperatures. Most models are intended for larger streams, and
while the model used in this study worked moderately well for baseflow conditions, there
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were a number of issues identified. Since the model focuses on only the stream channel
and not the entire watershed, there is no appropriate way to model rapidly changing
advective heat fluxes from nonpoint sources. There is a need to bridge the gap between
the flow routing/channel based temperature model used in this study and the
rainfall/runoff temperature model explored in Herb et al. (2009). One point that was
evident from the modeling done in this research was the difference between baseflow and
stormflow periods. While it appeared non-advective fluxes explained temperature
variability moderately well in most of the study streams during baseflow, there were large
advective fluxes that appeared primarily during storm events that the model was not
capable of including.
As a final point, it should be remembered that the primary reason for studying
stream temperature is to determine the impacts on streams' biota. Yet our understanding
of aquatic biota's temperature tolerances is still developing, and so it is certainly possible
that biologically important periods and thresholds have not been identified. Therefore, it
is important that thermal impacts are categorized in thorough manner that will allow the
results to be applied as the knowledge of temperature impacts on biota improves. While
many studies focus on individual scenarios, such as low flow periods, summertime
temperatures, or storm runoffperiods, it is also important to consider impacts during
baseline periods that correspond to the typical stream environment. At the same time, the
thermal effects of extreme (high and low flow) events should not be forgotten.
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Generic hobo number for all summer 2008 F&G
Hobos. Assume no bias, because there was no
calibration.
Lost in Hodgson Brook July/August 2009.
Assume no bias because no calibration
Assume no bias because no calibration







































Base hobo - no calibration adjustment
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